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Synopsis

Plasma supports a number of modes and understaoflthgse various modes is crucial for
understanding of basic plasma physics. Electrestptasma oscillation is one of the
fundamental modes in plasma where the electrornBadsavith a frequency close to electron

plasma frequencyd,.). Plasma density oscillates longitudinally witlgihifrequency when

the quasineutrality of the plasma is violated Ibcalonks and Langmuif experimentally
observed this oscillation and provided a basic rtigmal explanation; however, they
restricted their treatment to cold plasma and smaalplitude oscillation. The effect of
thermal motion of particles was studied theorelyday Viasov and Landau. In fact Land&u
showed that it is possible to damp electron plag@nees even without collisions. A physical
picture of this Landau damping was later given o’ who explained the phenomena
as exchange of energy between the wave and thelparhaving velocity close to wave
phase velocity (resonant wave particle interagtidvialmberg et al established the
collisionless damping of electron plasma wave arpamtally. They measured the spatial
damping of longitudinal electron plasma wave, eciby applying a high frequency voltage
to a Langmuir probe in collisionless plasma. Ththaxs also verified the role of resonant
electrons in the collisionless damping by cuttififjtbe tail of the Maxwellian distribution of

electrons and observed a sharp decrease in damPingil® extended the collisionless
damping of nonlinear plasma oscillations to timegfeater thamg (: m/eEk), the bounce
period of the trapped particles in the wave havahectric field amplitudeE and wave
numberk. The damping cdécient has an oscillatory behaviour whign is of the order of
unity, and its phase mixes to zerotas — . This nonlinear behaviour of the damping

codficient was experimentally proven by Malmberg and Wir¥!. They investigated the

1



damping of a large amplitude plasma wave and obgeamplitude oscillation at large

distances from the exciter. In the course of te&jseriment, Whartoet all”’ observed side
bands separated from the transmitter frequencydmynde frequencye, (:]/ 7, ) associated

with large amplitude electron plasma wave. Subsettyedifferent aspects of nonlinear
electron plasma wave, namely, electron trappiffgces, wave—wave interaction and side

band instability, were investigated by Franidinal® !

It is observed that on increasing the amplitudelettron plasma wave, féerent nonlinear
effects become dominant. But plasma does not sustawe waving arbitrarily high
amplitude, and beyond certain limit, wave breakse Taximum electric field amplitude that
a plasma can sustain is a topic of fundamental itapoe to many areas of plasma physics
particularly, plasma based particle acceleratiohes®8'*? and some laser fusion
schemé$® =4 In laser fusion experiments, energetic electigerserated by wave breaking
eventually leads to heating of the core and in masased particle accelerators, the
maximum energy of the particles accelerated bynasiowave—particle interaction is dictated
by the wave breaking amplitude. In cold plasma, evhweaking occurs when the electron
excursion length becomes comparable to the wavilleargl which is characterized by sharp
rise in the local electron density and its gradtentBaueret all*® reported experimental
observation of wave breaking of electron plasmaewaw radiofrequency (RF) afterglow
plasma. They observed energetic electrons assdciaih wave breaking. However, a
detailed experimental study of wavebreaking of pla®scillation establishing the parametric
dependence of the wavebreaking amplitude on otlesma parameters like density and

temperature are to be carried out.

Besides wave breaking, a wave may lose its coherérycanother less violent process
namely, phase mixing of plasma oscillation/waveagehmixing is the loss of coherence of

plasma oscillation/wave due to fine scale mixingvafious parts of the oscillation/wave
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when there is a spatial variation of local plasmegdiency. This can happen due to the
presence of inhomogeneity in the background pladensity that may occur due to a number
of reasons. It may be caused by the presence @frawave in the backgrount’. It may
also occur in homogeneous plasma in the presennerinear plasma oscillations because
of the response of ions to ponderomotive forcdseeitlirectly or through low frequency self

consistent field<®!,

A number of theoretical wol¥ ¥ have been carried out in the field of nonlineaspia
oscillation especially pertaining to wavebreakingl gphase mixing of plasma oscillation.
However, only a few experiments have been carrigdand a comprehensive experimental
study testing, various predictions of theory anchudation is still elusive. For example,
Senguptaet aft® theoretically showed that phase mixing of plasmsaillation can occur in

homogeneous plasma and timg,( in which the oscillations phase mix is dependenthe

mass of the ionst D(A/\/1+A)%, where A is the electron ion mass ratio. Recently,

mix
Vermaet al ! using one dimensional patrticle in cell (PIC) siatidn of large amplitude of
plasma oscillations in cold plasma showed the ationt of residual Bernstein-Greene-
Kruskal like waves after electron wavebreaking ahdcplasma. With these perspectives in
mind a new machine, Inverse Mirror Magnetized PksBevice (IMPED), has been
designed and fabricated in-house at Institute fasia Research, India, in which phase

mixing and wave breaking of nonlinear plasma ostidh/wave can be investigated

comprehensively in a controlled manner.

The primary objective, of the work described irstthesis, is to identify the plasma window
necessary for comprehensive experimental study &fetweaking and phase mixing of
plasma oscillation followed by design, fabricatminan experimental device that satisfies all

the necessary criteria for successfully carrying these experiments. Plasma in IMPED is



thoroughly characterised to establish the capglwlitthe device producing plasmas required
for the proposed experiments. This is followed Bperimental study of phase mixing of

plasma oscillation carried out within the requisit@dow of operation.

The thesis is organized in eight chapters. Chaptgives the introductory description of
plasma oscillation and different linear and nordinphenomena associated with it. Chapter 2
includes theoretical review of phase mixing and eiaeaking of nonlinear plasma
oscillation. Phase mixing of plasma oscillationdedo loss of coherence as a result of which
the oscillation decays. In laboratory plasma, thelllation/wave may decay due to Landau
damping or collisional damping. Phase mixing is aotiolent process like wave breaking
and in noisy plasma, it might be very difficult tto a controlled study of phase mixing.
Additionally, phase mixing may occur in a number pdfysical situations, so the plasma
device should be able to accommodate such physicalitions. Therefore, a calculation is
carried out to determine experimental conditionsessary for observing phase mixing of
plasma oscillation in terms of density range, terapge range, operating pressure,
guiescence, magnetic field, required plasma unifiyrrand other requirements that the
plasma source needed to satisfy. In the light ef ékperimental requirements, a detailed
review of the existing schemes of plasma produasocarried out to identify which scheme
of plasma production can be further developed tetrtiee experimental requirements. The
above mentioned theoretical review and the subseqadculation to determine a suitable
window for the proposed experiments are publishedlournal of Plasma Physics, 81,

345810203 (2015).

In Chapter 3, the development of the experimentliag® is described in detail. The
development of the device is carried out in twagesa In the first stage, a ~ 2.7 m long
prototype device is made. The prototype is calledghktised Linear Plasma Device

(MLPD). It consists of a source chamber of lengtd diameter 0.5 m followed by a 2.2 m
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long main chamber of diameter 0.161 m. Ten air edalire wound magnets were placed
coaxially along the length of the main chamberpgiamducing a uniform magnetic field over a
distance of ~ 1.4 m. Plasma is produced by theifiritentary plasma souré®! located in
the low magnetic field region of the source chambarring the course of operation of the
prototype device, modifications were made in plasmarce to improve the performance and
also primary diagnostics were developed. This fadlewed by the upgradation of the
prototype to the final design. The upgraded devikenamed Inverse Mirror Plasma
Experimental Device (IMPED). The upgraded devic&.4 m long, it consist of a source
chamber, source chamber extension and main chatdb#orm magnetic field is produced
by placing 10 electromagnets coaxially around tlennchamber for producing a maximum
field 1.2 kG. The upgraded device has four add#i@lectromagnets between the source and
the main chamber for independent variation of magnkeld. Design considerations,
fabrication and operation of the system and subsysthave been described in this chapter.
The diagnostics developed for measuring plasmanpeteas are discussed in this chapter.
The diagnostics include Langmuir probe, emissiv@pr ion wave exciter and exciter and
detector of plasma oscillation. In order to proctss Langmuir probe data quickly, a code

has been developed to process the data automgatacallsemi-automatically.

In Chapter 4, plasma characteristics of MLPD an®B¥W are presented. The variation of the
plasma parameters with different control features bioth the devices is discussed.
Particularly wide range of density and temperattagation has been achieved in IMPED.
Lowest operating pressure in IMPED is 1.7 ¥ Ifbar which is well within the collisionless

regime of plasma production. Plasma density is dotmvary ~ 20 times when pressure is
varied from 1.7 x 18 mbar to 16 mbar at 1090 G axial magnetic field. On varying th

magnetic field from 109 to 1090 G at™ithbar pressure, the density is again found to vary

20 times. Plasma density can also be varied witbbanging the pressure and magnetic field



in the uniform magnetic field region. This is domg using the flexible transition magnetic
field between the plasma source and the uniformnetag field in the main chamber. By
changing the magnetic field near the source holtliegmagnetic field in the main chamber
constant, the density in the main chamber can bediaPlasma density is varied ~ 10 times
by changing the magnetic field near the sourceajihglmagnetic field constant at 1090G and
pressure 10 mbar. The plasma produced is uniform, length efakially uniform plasma is
L ~ 120 cm and radial uniformity extends over 4 dmmeter typically. However, the
diameter of the radially uniform plasma can beegin this device. The density in IMPED
ranges from 10to 10 cmi®, temperature 1.5 to 5 eV and operating pressungesafrom 1.7

x 10° mbar to 16 mbar. The above mentioned plasma characteristifdRED along with
details of the experimental set-up, its noveltied &s capabilities are to be published in Rev.

Sci. Instrum. vol 86, issue 6 (2015). The paperlieen accepted for publication.

Chapter 5 is focussed on quiescent plasma praoiuati IMPED. Quiescent magnetized
plasma with background density fluctuations aroand less than 1% is produced over a
wide pressure range (5 x 1@ 10° mbar) covering both collisional and collisionlesgime

for magnetic field values ranging from 109 to 1080 IMPED employs a unique flexible

transition magnetic field in between the plasmars®wand the main chamber to maintain
plasma density fluctuations around and below 1%th& above mentioned range. The

effectiveness of this method over the entire opegatange is discussed and reason for the

control over the density fluctuation is exploredii€scent collisionless plasn@/n ~0.2%

is produced at ~ Ibmbar operating pressure and 872 G magnetic fietié main chamber

for the intended wave experiments.

In Chapter 6, the experimental results of wave erpnts are presented and discussed. The

wave experiments include initial excitation anded#éibn of ion density perturbation and



plasma oscillation separately. This was followedexgitation of plasma oscillation in the
presence of a controlled ion density perturbationthie background. The power in the
coherent oscillation was found to decrease witheiase in the magnitude of the ion density
perturbation. A manuscript is being written on theeraction of plasma oscillation with a

background ion density perturbation for publication

The summary of the main results presented in kasi$ and the future scope of this work is

discussed in chapter 7.
The main results of this thesis are as follows

1. Based on the extensive review of phase mixing amVelreaking of plasma
oscillations, an experimental device has been dedigo study the above mentioned
phenomena experimentally.

2. The device has been developed from elementary suipanent in two stages along
with essential diagnostic systems. Initially, atptgpe is made followed by the final
version of the device named IMPED. IMPED is a 3.4omg device with a flat top
uniform magnetic field extending ~ 1.3 m. It hawale operating range, density
range is 10— 10" cm®, magnetic field range 109 G to 1.2 kG, pressunge@aovers
both collisional and collisionless regime. The entilevice has been developed in-
house.

3. Inverse Mirror Plasma Experimental device employs@ue feature for production

of quiescent plasman/n<1% from 5x10° mbar to 10 mbar covering a wide

density range. Controlling the quiescence of thesmla by controlling the radial
density gradients over a wide density range, makissdevice one of its kind in
existing linear magnetised plasma devices in thedwvo

4. Experiments on the interaction of plasma oscillatwath a background ion density

perturbation have been successfully conducted is dievice. The power in the
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coherent oscillation was found to decrease witheiase in the magnitude of the ion

density perturbation, indicating the occurrenceludse mixing of plasma oscillations.
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Chapter 1  Introduction

1.1 Overview and motivation

Plasma supports a number of modes and a detaidgrstanding of these modes are essential
for understanding basic plasma physics and to rfasteapplication for benefit of mankind.
Electrostatic plasma oscillation is one of the fameéntal modes in plasma where the
electrons oscillate with a frequency close to etetiplasma frequen(y)pe). Here, a high
frequency longitudinal density oscillation is eecitwhen quasineutrality of the plasma is
violated locally. Tonks and Langmuir [1] experimaiy observed this oscillation and
provided a basic theoretical explanation; howeveey restricted their treatment to cold
plasma and small amplitude oscillation. The eftddhermal motion of particles was studied
theoretically by Vlasov and Landau. Landau [2]fant, showed that it is possible to damp
electron plasma waves even without collision. Agbgl picture of this Landau damping was
later given by Dawson [3] who explained the pheananas exchange of energy between the
wave and the particles having velocity close to evpliase velocity (resonant wave—particle
interaction). Experimentally Malmberg et al. [4t&blished the collisionless damping of
electron plasma wave. They measured the spatiapidgnof longitudinal electron plasma
wave, excited by applying a high frequency voltagea Langmuir probe in a collisionless
plasma. The authors also verified the role of ragbmrlectrons in the collisionless damping
by cutting off the tail of the Maxwell distributioof electrons and observed a sharp decrease

in damping. O’Neil [5] extended the damping of mtinless nonlinear plasma oscillations to
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time (t)greater than (= \/m/eEk), the bounce period of the trapped particles inviage
having electric field amplitude E and wave numbket. The damping coefficient has an
oscillatory behaviour whery/ty is of the order of unity, and it phase mixes twozas
t/tg — . This nonlinear behaviour of the damping coeffitizvas experimentally proven
by Malmberg and Wharton [6]. They investigated daenping of a large amplitude plasma
wave and observed amplitude oscillation at largtadces from the exciter. In the course of
their experiment, Wharton et al. [7] observed sidands separated from the transmitter
frequency by bounce frequenay, (= 1/15) associated with large amplitude electron plasma
wave. Subsequently, different aspects of nonlirectron plasma wave, namely, electron
trapping effects, wave—wave interaction and sidadbanstability, were investigated by

Franklin et al. [8, 9, 10].

It is observed that on increasing the amplitudelettron plasma wave, different nonlinear
effects become dominant. As the amplitude of theeaniacreases, its waveform is no longer
sinusoidal, i.e., it steepens. As per cold pladmeary when this steepening is so extreme that
there are singularities in plasma density, the waeaks. In laboratory plasmas with a finite
temperature, the tendency of the plasma densitgd®@ase to infinity at the wave crest is
opposed by plasma pressure and at some large waplé@wale, plasma electrons with large
velocities along the direction of the phase velobigin to be trapped and accelerated by the
wave. A self-trapped electron is the one that dliyehas velocity as large as the phase
velocity of the wave and see a constant electetd fand can be accelerated. Untrapped
electrons are simply slow electrons that simply enaxth their thermal velocity in addition

to taking part in coherent wave oscillations. Atvelareaking amplitude, numerous electrons
are nonlinearly brought into resonance with the evleading to a very strong irreversible
damping of the wave and efficient accelerationh& tharged particles. The wavebreaking

amplitude of the wave, hence the maximum longitaldeiectric field that can be supported
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by the plasma is a topic of fundamental importaaxd dictates the maximum energy of the

charged particles.

Besides wave breaking, a wave may lose its cohereyp@another less violent process namely
phase mixing of plasma oscillation/wave. Phase mgixs the loss of coherence of plasma
oscillation/wave due to fine scale mixing of vasgparts of the oscillation/wave when there

is a spatial variation of local plasma frequenc¥][IThis can happen due to presence of
inhomogeneity in the background plasma density ey arise due to a number of reasons.
The nonuniformity in background plasma density rbaycaused by the presence of an ion
wave in the background [12]. It may also occurmnrthomogeneous plasma in the presence
of nonlinear plasma oscillations because of th@aese of ions to ponderomotive forces

either directly or through self-consistent fields3]. Phase mixing of plasma oscillation is

characterized by transfer of energy [12] from lowerhigher &’ followed by transfer of

energy from wave to particle by resonant wave plartnteraction.

In addition to phase mixing and wavebreaking, aevanay also be damped collsionlessly by
linear Landau damping as mentioned before. Butalineandau damping phenomenon in
plasma with a finite temperature has no threshadds required by wavebreaking.
Wavebreaking and phase mixing of plasma oscillatrame results in transfer of energy from
the wave to the patrticle irreversibly. However sitinless linear Landau damping is a
reversible phenomenon and experimental observaifoplasma echo [14] conclusively

supports this fact.

The physics of wavebreaking and phase mixing @pactof considerable interest because it
leads to transfer of energy from wave to partiéleergetic electrons generated by wave
breaking in laser fusion experiments [15, 16] eually leads to heating of the core. In
plasma based particle accelerators [17, 18], thramman energy of the particles accelerated

by resonant wave—particle interaction is dictatgdtiire wave breaking amplitude. Other
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potential uses of large amplitude plasma wavesesrigpm development of intense X-ray
sources [19], to the modification of the ionosph@@ and chemistry of upper atmosphere
[21]. The concept of phase mixing of wave in anomiegeneous medium leading to
dissipation of wave energy serves as possible mimdetoronal heating. Phase mixing of
Alfvén wave in a medium with a density gradientpeerdicular to the magnetic field has

been studied as a possible model for coronal repf2Ly.

1.2 Review of previous experiments on wavebreaking and
phase mixing

A number of experiments have been carried out wdysplasma oscillation and electron
plasma wave in the last five decades. But mosh@feixperiments have been concentrated in
studying Landau damping of electron plasma wave @moalinear effects associated with
electron plasma waves as mentioned in section Ifivestigations of phase mixing and
wavebreaking have mostly been limited to simulaf@®, 24] and analytical [25, 26, 27, 28,
29, 30] works with very few experiments in betweBauer et al. [31] reported experimental
observation of wave breaking of electron plasmaenawva radiofrequency (RF) afterglow
plasma. The wave experiments were carried out gylmdrical, coaxial capacitor plate
configuration by driving the central conductor wa200 MHz VHF burst. Large amplitude
plasma waves are excited at the location in thenpawhere the VHF resonates with the
local plasma densityritical densityn, =5 x 108 cm™3). They reported observation of
energetic electrons from the breaking of theseelaagplitude waves. Wavebreaking of
plasma wave in laser plasmas have been experirhergpbrted by different authors. Everett
et al. [32] reported experimental observation ofvemeaking of non-relativistic plasma
waves induced by Raman backscatter [33]. Scattkgbtl from an external probe beam

indicated destruction of wave’s coherence and trep@and acceleration of background
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electrons (up tdwv,, or ~ 1keV) was inferred by computer simulations. Modenal ef34]
reported observations of relativistic plasma wadesen to breaking point by Raman
forward scattering instability, induced by shorighintensity laser pulses. They observed
acceleration of plasma electrons upto to a maxinemergy of44 MeV by wavebreaking.
However we shall not concentrate on laser plasrpar@xents in this review as spatial extent
and temporal duration of such plasmas is very swalich makes it very difficult to

experimentally verify different aspects of nonlinp&asma theory.

To the best of our knowledge no direct experimexgt been carried out to comprehensively
study the phase mixing of plasma oscillation. Miske et al. [35] experimentally studied the
propagation characteristics of long wavelengthdaoaustic waves in presence of propagating
short wavelength electron plasma waves in a siegited Q machine. Cesium plasma of
density5 x 107 to 5 x 108 cm™3 was confined radially in a string magnetic fi¢i4 T).

lon acoustic waves were excited using a grid imeerserpendicular to the plasma column
and electron plasma waves were excited by a prédeeel cm behind the grid. They
observed a decrease in the damping distance arsk pledocity of the ion acoustic wave,
when the electron and ion acoustic wave were exsit@ultaneously. They did not report the

effect of ion acoustic wave on the magnitude ofdbleerent power in electron plasma wave.
1.3 Unresolved issues

From the review in section 1.2, it appears that es@xperiments have been carried out to
observe and characterize wave breaking phenomernaa lwromprehensive study testing
various predictions of theory and simulation is fewsm satisfactory. For example the
experimental study of phase mixing in plasma csodhs in the presence of a controlled
density gradient is yet to be done. Role of ionrtine[13] on phase mixing of plasma

oscillation in uniform plasma is yet to be exploeegerimentally. Bauer et al. [31] observed
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wavebreaking of large amplitude electron plasmaenavthe laboratory but a parametric
study of the variation of wavebreaking amplitudepteisma density and temperature has not
been carried out. Recently Verma et al. [24] using dimensional particle in cell simulation
of large amplitude plasma oscillations in cold ptasshowed the excitation of residual
Bernstein—Greene—Kruskal like waves after electn@ve breaking in cold plasma. The
amplitude of the residual BGK wave satisfies thdf€os wave breaking limit for warm
plasma [36]. Such theoretically predicted resuleere the plasma heats up after electron
plasma wave breaking and eventually supports a H&Kwave with an amplitude limit
determined by Coffey’s limit [36] needs to be expmmtally verified. Further it is well
known theoretically that electron plasma oscillasidoreak via the process of wave breaking
in an inhomogeneous plasma [11, 37] but an expeatamhstudy is yet to be carried out. It has
been theoretically predicted that collisions casguay prevent the breaking of waves [38].
This is another theoretical result whose experialenerification, to the best of our

knowledge, does not exist.
1.4 Scope and outline of thethesis

The thesis describes the design and developmentarof experimental device for
comprehensive study of phase mixing and wavebrgakihe first stage of the designing
process involved a detailed calculation to identiifg plasma parametric space necessary for
experimental study of different aspects of phaseingi and plasma oscillations. The
experimental demands as per the detailed calcolatduded formidable requirements such
as production of quiescent plasnfdn/n < 1%) over a wide operating rangex

108 cm™3 — 1011 cm™~3 density,2 — 5 eV temperature with operating pressure varying from
5 x 107> mbar to 10~2 mbar and magnetic field ranging fro60 G to 1.2 kG. The plasma

must be both radially and axially uniform with axianiformity extendingLq;form =
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120 cm and diameter of the uniform plaswmg,;r,rm~ 4 cm . The plasma source has to be
compatible with different ion species with effoste change over between different ion

species to perform the experiments smoothly.

In order to meet the above mentioned criterias detaly, such that a comprehensive
experimental study of phase mixing and wave brepkian be carried out a new machine
IMPED [39], has been designed and fabricated insbaat Institute for Plasma Research,
India. However, the device is so designed thas ihat limited to only wave breaking and
phase mixing studies, and several other plasmavamd instabilities can be investigated
thoroughly in this device. Quiescent magnetizedisiohless plasma which is one of the
prerequisites for phase mixing studies is producdMPED using a multifilamentary plasma
source [40, 41, 42, 39] over a wide pressure rapganing both collisional and collisionless
regime. Using the different control parametersargéd density variation in the range of40
10" cm? is obtained. The novelty of the device lies in thet that the level of quiescence is
controlled by mirror ratio (R = Bmair/Bsourcd USING @ unique flexible transition magnetic field
between the source and the uniform high magnedld fiegion (main chamber) over a wide
range of densities. The mirror ratio is varied eitly varying the source magnetic field
(Bsourcd Or magnetic field in the main chamber(B). Quiescent plasma widn/n< 1% has
been achieved even with30 G magnetic field near filaments demonstratirg gbssibility

of quiescent plasma production with ambient magnfid near the filament >10 G [41].
Another uniqueness of this device is its capabiifyachieving density and temperature
variations without varying pressure or magnetitdfia the main chamber using the transition

magnetic field.

After successfully producing the plasma necessarytie proposed wave experiments in
IMPED, experiments on the interaction of plasmallagion with a background ion density

perturbation are successfully carried out in thesice. The coherent power in the plasma
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oscillation is found to decrease with the increasethe amplitude of the background

perturbation.

The thesis is divided into seven chapters. Firsiptdr gives the overview, motivation and
outline of this thesis. The second chapter dessrithe detailed calculation carried out to
determine the plasma parametric regime necessay detailed study of phase mixing and
wavebreaking along with a survey of different plassources to identify a suitable plasma
source for the proposed wave study. The third @ragves a detailed account of the design
of the experimental device and a brief descriptbrithe fabrication procedure adopted to
make the device. The diagnostics used to measengldbma parameters and for exciting and
studying the propagation characteristics of theeviavalso described in chapter three. The
different plasma control features of the newly bekperimental device that enable it to
accommodate a four order density variation is desdrin the fourth chapter. The method
employed for quiescent plasma production in theegrpental device is reported in chapter
five. The effectiveness of this method for quiesqdasma production has been substantiated
with experimental data. Chapter six describes ¥pemental result of plasma oscillation in
the presence of background density gradient. Tinelasion of the work carried out in this

thesis and its future scope is written in chapéees.
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Chapter 2  Designing of the experimental device

Designing of an experimental device for the stutlg physics phenomenon involves first the
development of theoretical understanding of thenpheena to be studied followed by the
determination of the window of operation that mistsatisfied experimentally such that the
phenomenon to be observed is dominant. This itiollowed by careful designing of the
different components and the subcomponents of Kpereamental set up such that the

required window of operation can be achieved expenially.

The present chapter is divided into four secti@ifferent aspect of plasma oscillations to be
studied experimentally is described in sectionnlséction 2 the different requirements that
an experimental device must satisfy for a comprsiverexperimental study of phase mixing
and wave breaking of plasma oscillation/wave i®deined. A survey of different laboratory
plasma sources for identification of a suitablespia source that can be employed to produce
the plasma necessary for the proposed wave stisdilescribed in section 3. It is followed by
a discussion on the choice of the plasma sourceh®rproposed experimental device in

section 4.
2.1 Physics basis of the design

Plasma oscillations are one of the fundamental siadeplasma that is excited when the
plasma is perturbed locally. In the presence ofditemperature these oscillations propagate
and constitute a wave. These are longitudinal tensscillations/wave, the oscillators
(electrons) constituting the oscillation move platabr anti parallel to the direction of
propagation. A plasma oscillation/wave breaks wtienelectron excursion length becomes

of the order of plasma wavelength leekE/mwﬁe ~1, or in other words the oscillation/wave
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breaks when fluid velocityef /mw,.) becomes of the order of the phase veloaity, (k).
Physically this results in the crossing of neighiog electron trajectories. At the point of
breaking intense wave—particle interaction occesuiting in transfer of energy from the
wave to random particle kinetic energy. A plasmeilladion/wave may break suddenly when
it is excited in a way such that the breaking cbadiis satisfied within a plasma period or it
may occur gradually through a process known as ephmasing. Phase mixing of an
oscillation/wave implies decay of the oscillatioaiee by fine scale mixing of various parts
of the oscillation due to temporal dependence ef thase difference between individual
oscillators constituting the oscillation/wave. Thiemporal dependence of the phase
difference between oscillating fluid elements ajsehen the plasma frequency because of
some physical reason acquires a spatial depend@&mase mixing eventually results in
crossing of electron trajectories thus causing teeillation/wave to break. Spatial
dependence of plasma frequency, which is the uyidgricause of phase mixing may arise
either due to the presence of a static inhomogenbaokground [11, 12, 43, 37] (infinitely
massive ions) or due to gradual development ofnemogeneity which results from the
excitation of a low frequency self-consistent fidld the presence of finite ion mass
background [13]. In the presence of a static inhgeneity, cold plasma oscillations phase
mix at arbitrarily small amplitudes in a time scfld] given byt,,;;,~ m/{2(dw,./dx)X},
whereX is the displacement from the equilibrium positiéior a sinusoidal inhomogeneity
(n; = ng + nye cosk;x), the phenomenon of phase mixing in the form otlencoupling of a
long wavelength mode to short wavelength modes dis=ussed by Kaw et al. [12] , they
showed that energy irreversibly goes from the IkWwrode to high ‘k’ modes in a time scale
tmix~2/(€wpe) . The exact solution for cold plasma oscillatioms a fixed sinusoidal
background was given by Infeld et al. [37], thehau$ described phase mixing in term of

electron density burst. As stated above, inhomageme the ion background may also
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gradually arise in a homogeneous plasma in theepoesof nonlinear plasma oscillations due
to the response of the background species to pomiive forces either directly or through

low frequency self-consistent fields [13]. For thiase, it has been shown that plasma

_1
oscillations phase mix in a time scalg, t,,,~{ (42/24)(¥/V1+¥)} /3, whereA = on/n
and¥ = m,/m,. In the following subsections we briefly illusteathe physics of wave
breaking and phase mixing (resulting in breakingihg a physically intuitive sheet model

proposed by Dawson [44].
2.1.1 Breaking of nonlinear plasma oscillations

According to the one dimensional sheet model [#44d, evolution of any coherent mode in
plasma can be studied in terms of oscillating mmotbelectron sheets about their equilibrium
position. These electron sheets are assumed tmbedeled in a cold immobile positive ion
background. Dawson [11] showed that a coherent molienaintain its coherence provided
the electron sheets, while oscillating, do not sreach other. Crossing of electron sheets
leads to a phenomenon called wavebreaking whichpteiely destroy the coherence of the

wave.
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Figure 2.1: One dimensional sheet model descripliagma oscillation

Consider the adjoining Figure 2.1. Let the electmiyginally placed at an equilibrium
positionx, be displaced by an amouXifx,, t) and the electron originally at the equilibrium
position x, + Ax, be displaced b¥ + AX. Herex, is the Lagrange coordinate of the
electron. Equating the number of electrons origynebntained betweefx, to the number

of electrons contained betwean, + AX, we get the electron density as

Ny

2

n(xy, t) = (2.2)

wheren, is the equilibrium density. Further, the widthtbé ion slab crossed by the electron
sheet which was originally at, is X, which by using Gauss’s law, yields equation & th

electric field as
nye
E(xo t) = —X(xo,t) (22)
0

Therefore, the equation of motion of the electroeet can now be written as
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mX = —eE

mi = ¢ (2.3)
€o
Which finally gives

wherew,, is the plasma frequency. This is the equation ofion for a simple harmonic

oscillator whose general solution has the form

X(x0,t) = X(x0,0) cos(wpet) + U(Z)O' 0 sin(wp,t) (2.5)
pe

In order to study nonlinear plasma oscillation @sdoreaking, we use the following intial
conditions, which in terms of Euler coordinateare given by, wherd represents the

perturbation

n(xy,0) = ny(1 + Acos(kx) (2.6)

v(xy5,0) =0 2.7)

Where the Euler coordinateis related to Lagrange coordinatg, asx = x + X(x,, t). The

above initial conditions immediately lead to
X(xg,t) = X(xg, 0)cos(wpet) (2.8)

Which when substituted if2.1) gives the number density as

Ny

0X(x0,0)
1+ a—x(z)cos(wpet)]

n(xy, t) = (2.9)
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HereX(x,, 0) is implicitly obtained by using2.6) in Gauss’s law and equating it to the

electric field att = 0 given by(2.2), as
A
X(xy,0) = — Esin(kfo ) (2.10)

wherex, = x, + X(x,, 0). For the density to remain positive at all timesi(i other words,

for no sheet crossing),

0X(xy, 0
(—O)cos(wpet) > -1 (2.11)
dx,
Using(2.10), the no crossing condition now stands as

A cos(kxy)
1+ Acos(kx,)

cos(wpet) <1 (2.12)

The maximum value of the L.H.S. id\/(1—A), which givesA < 1/2 for sustained
coherent nonlinear oscillations. Hence in termsel&ctric field, the maximum value is
limited tokeE.x/mwye = A < 1/2 [45]. Therefore, if the initial conditions are suthat

A >1/2, then cold plasma oscillations break within a plasperiod, at an amplitude
E max = mwp./2ke . In the next subsection, we consider the caseravivave breaking

occurs at arbitrarily low amplitudes via the graduacess of phase mixing.

2.1.2 Phase mixing of nonlinear plasma oscillations

As mentioned in the beginning of this section, plasoscillations phase mix and eventually
break if the plasma frequency becomes spatiallyedeépent. Spatial dependence arises
because of a background inhomogeneity, which in,tonay either be due to static ion

inhomogeneity or may arise self-consistently in phesence of electron-ion oscillations. As

31



the electrons and ions move about their out owrreef mass, they eventually create a low
frequency electrostatic field, which further affecthe motion of ions thus creating
inhomogeneities in space. This in turn affectsdleetron wave motion causing it to phase
mix. In this subsection, we illustrate the phasging phenomenon using a static background
ion inhomogeneity. Taking a sinusoidal inhomogegnesn; = ny(1 + € sin(k;xy)), € K 1

(2.4) approximately becomes (takikhgf{ <« 1)
X(xo,t) + whe{1 + € sin(k;x)}X (xo,8) = 0 (2.13)

Choosingn, = ny{1 + e cos(k;xy)} + 6n, cos(k.x) andv(x,0) =0 (k, < k;) as initial

conditions [12], solution of the above equation barwritten as

X (xg,t) = X(x4,0) cos (wpeot\/l +€ sin(kl-xo)) (2.14)
WhereX (x,, 0) is approximately given by

6 sin(koxg)

_ (2.15)
k.(1 + esin(k;xy)) + 6 cos(k.xy)

X(xo, O) =

Fore « 1, (2.14) can further be approximated as

§ O (€Wpeot\ [ . 216
X(x,t) = — ok Z In ( ;eo ) [sm{wpeot + (nk; + ke)xo} ( )
e

n=—oo

— sin{wpeot + (nk; — ke)xo}]

Since the electric field is directly relatedXéx,, t) as

2
MWyeo

E(xq,t) = (1 + e sin(k;xy)) X (x, t) (2.17)

e
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(2.16) shows that the field energy put in the améntal mode diminishes ag3 (Ewpeot/

2) and the coherence is lost in a time scale {12]~2/(ewye0). Physically, since each
electron sheet oscillates with a frequency whighetels on their position, as time progresses,
they slowly go out of phase [11] and the initiaheoence is lost. As the energy goes into
higher modes, the density profile becomes steepamtually resulting in the crossing of

trajectories of neighbouring electron sheets wiahses the oscillations to break.

The nonlinear problem of plasma oscillations inais periodic ion background was exactly
solved by Infeld et al. [37], the authors analticashowed that, because of the spatial
dependence of the plasma frequency, the electratbeudensity will eventually explode.
This is nothing but a signature of wave breakingud the phenomenon of phase mixing
ultimately causes the oscillations/waves to breékambpitrarily low amplitudes. If the

inhomogeneity is self-consistently generated, thestated above, plasma oscillations phase

mix (wave break) in a time sca:leper,m-x~{(A2/24)(‘P/\/l+LP)}_1/3 . HereA is the

amplitude of perturbation artl is the electron to ion mass ratio.

2.2 | dentification of operating window of the experimental
device

Phase mixing is a gradual process. It happens sswgral plasma periods. In addition to
phase mixing a wave may be lost in the plasma dueotlisional damping and Landau

damping [46]. So it is necessary to find out thegeaof experimental parameters over which
phase mixing of nonlinear plasma oscillations may dxpected to dominate over other
competing processes i.e. the phase mixing lengi@ssthan collisional damping or Landau

damping length. In the following, we will estimatee maximum length within which phase
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mixing is expected to occur as well as all différeangth scales of the relevant damping
mechanisms. From these calculations one arriviigeaduitable plasma parameters the device

should provide.
2.2.1.1 Phase mixing length

Phase mixing of plasma oscillation may occur iroa-oniform plasma [11, 12] as well as in
a uniform plasma [13] to start with. The length tohe in which plasma oscillation is
expected to phase mix is more in case if plasmdlaigins are excited in uniform plasma.
So for designing purpose, phase mixing of plasn@llasons in homogeneous plasma is
considered for determining the maximum phase mik@mgth. The maximum length within
which phase mixing is expected to occur for variplasma densities and temperatures are

determined from the expression,iy = tmixVihe-

i 1 [[A? p 3 (2.18)
mix — w_pe I(ﬁ) (\/W)l VUthe

The expression fat,,;, is valid for electron plasma oscillation in a wmh background. For

non-uniform background or in the presence of ionevim the background the phase mixing
length is even lower. Thus from the expressiomfaximum phase mixing length (2.18) it is
observed that it's a function of plasma densitgctbn temperature, fluctuation level (A =
on/n) and electron to ion mass raffo= m,/m, . As the plasma density increases, the phase
mixing length decreases. A plot of the variationtttdé maximum phase mixing length with
change in A is given in Figure 2.2 with differerslwves of T,. From the figure, it is seen that
for A = 0.05 the maximun,,,;, is 0.94 m af, =5 eV anch = 5 X 108¢m~3. Hence, from

the perspective of maximum phase mixing lengthrafpen at densities greater thax

108 cm™3 is preferred, as for lower densities phase mixémgth will increase. For example,
for same parameters as mentioned above, the maxipmage mixing length is 2.94 m for
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electron density of5 x 107cm™3. For higher densities, say)'°cm=3, the maximum phase
mixing length will be much less, but with increasedensity the plasma frequency also
increases ff,, < Vn) thus increasing the demand on diagnostics. Timesdensity window
from mid 108 cm ™3 to mid10°cm™3 is preferred for the phase mixing experiment. Hoave
experiments can be carried out at higher densiligs. plasma temperatur&.{ should be
around few eV, as for largé the maximum phase mixing length increases coredidier
This is so because as the temperature increasgsdhpe velocity of the wave also increases

thus increasing the phase mixing length.

4 1 | 1 1 1 1 III |
i = = T =5eV n=5x10°cm® |
3 =T =5eV n=1x10" cm"
\ ===-T =5eV n=5x10"cm"
. o
_ = =T =3¢V n=5x10"cm"”
£ 2“. \\ e 9 37
~ RS < ceer T =3¢V n=1x10"cm
lé - \‘c\ ~ - N
< EEIENE G N T, =3eV n=5x10"cm’
» ‘.\ -
1 L .‘s‘_,::"... - 7
-.‘-.. »,":.ﬁ-...:\c..
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B 1 i i 1 1 i III i
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Figure 2.2: variation of maximum phase mixing léngtith induced density perturbation
A=on/nfor argon plasma of different density and tempemt

2.2.1.2 Collisional damping

Experimental study on phase mixing requires alligioh lengths to be greater than the

maximum phase mixing length. This implies thatphesma has to be collisionless in order to
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observe the phase mixing phenomena. To ensuretli@selectron-neutral mean free path

Ams(= ;), which is the dominant collision mechanism in latory plasmas, must be
f NMnOen

several times the maximum phase mixing length. € an estimate of the collisional
damping length, the damping length of a linear lrany wave is calculated using the fluid

equations.

The governing equations for determining the cahsil damping length of a linear Langmuir
wave are equation of motion of the electron flwdntinuity equation and Gauss’s Law. The
equation of motion of the electron fluid after tadsi electron neutral and electron ion

collisions into account becomes

av_) — — = —_— —_—
men, la_te + (ve -V)vel = _VkBTevne - eneE — MeVenNeVe — MeVeiNe Vg (2.19)

The equation of continuity for electron density &wauss’s law can be written as

an,

5+ (nevy) =0 (2.20)
v ot ne) (2.21)
€o

The last two terms on the right hand side of (2r&pyesents the momentum gained per unit
volume by electrons due to collisions with neutaatsl ions respectively. Other symbols have

their usual meaning. Solving (2.19), (2.20) an@12 by the process of linearization, where
N, =ng+Mny, U, =7vg+7; andE = E, + E, . Subscript zero represents the equilibrium
guantities and the subscript one represents fidgrgerturbation. At equilibrium, = FO’ =

Vn, = 0. Therefore (2.19), (2.20) and (2.21) takes thefor
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ov, vkgT, e

= Vn, ——FE — v, U0 — v, Us
at meno 1 me enV1 eiV1
M YneT) = 0
Nnyv;) =
at oY1
— en
V.E, =—
€o

Fourier analysing the above equations and perfamailittle algebra one gets

14 .
w? = wpe + Evfhkz — (Ve + Vep )@

For one dimensional adiabatic procgss 3, the dispersion relation becomes

3
w? = whe + Evfhkz — (Ve + Vep )@

Let W= w,+iwg,

After a little algebra one gets

3 (Vei + Ven) . Vei + Ven
w=\/{w53+5vfhk2— 2 —i—
Therefore
E, x e”iwt

E1 < e_iwrte_(vei"'ven)t/z

The time in which the electric field decreased te of its original value

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)
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2

o= = (2.28)
damping Vi +Ven

The group velocity of the electron plasma waveveig by

3vik

(2.29)
\/{w%e + gvfhkz _ (vei :Ven)z}

\S
|
N| =

2

The distance in which the amplitude decreasdg ¢oof its original value (damping length) is

Acout = UgTdamping

3
2 3 Vhek (2.30)

The variation of the collisional damping length hwipressure, density, temperature and

wavelength is shown in Figure 2.3.

100- ¥ A ¥ ¥ ¥ -
E --—11e:5I><108cm'3 T=3eV 3
R n,=5x10"em” T=3eV |
. [Tt~ —imn =5x10°em® T=5eV |
E 10:— \._":'.,‘. 75 9 3 _ E
N £ -l n,=5x10"cm” T=5¢eV
s T TTEmLL
< e TN, TN
T
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P ( x 10”° mbar)

Figure 2.3: Variation of collisional damping lengthlinear Langmuir wave of wavelength
2.5 cm with pressure for different plasma denskied temperature.
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2.2.1.3 Landau Damping length

The phase mixing length should be less than Lanidewping length. The landau damping
length of the wave can be increased, by increatiagvavelength of the wave. This may be
achieved by exciting wave near the plasma frequererydau damping for a wave exhibiting
weak damping [8] may be estimated by

A\
ki =7y, (%) (2.31)

wherey,is the Linear landau damping rate in the time domai
2.2.1.4 Desirable features of the plasma

Based on the discussion in the previous sectionaomearrive at the most suitable features
of the plasma that are necessary for observingepimeng and wavebreaking phenomena in

the laboratory. They are listed as follows:

a) Quiescence: Ideally one would require plasma with backgrouhdtuation level
dnyeise/M Much less than the perturbation level that is géinbe excited. Hence one
would require a quiet plasma. Taking practical idifities into consideration, this
background level should k2 0.01 at least.

b) Uniformity: The plasma must be uniform, as phase mixing afinear oscillation as
per the route described by Sengupta and Kaw [Ig]ires uniform plasma to begin
with. The length of the uniform plasma must be greghan the maximum phase
mixing length. Considering that the maximum phasenyg length for A =0.05in 5
eV argon plasma having densfiyx 108 cm™3 is 0.94 m. So, the uniform plasma
length must be greater than 0.94 m. Radially unmifglasma with radius of the
uniform plasma greater than equal to the wavelewngtthe wave to be excited is

preferred.
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C)

d)

Axial magnetic field: One way of ensuring uniform plasma of length tgeghan
0.94m is to use an axial magnetic field for confmemt. The addition of magnetic
field further enriches the wave phenomena that wag look at experimentally.
Hence a variability of the magnetic field such tlete may varyw.. (cyclotron
frequency) from less tham,, to greater thaw,, is desired.

Compatibility with different ion species: The maximum phase mixing length is a
function of the electron—ion mass ratio¥’(). This implies that in order to
experimentally investigate the parametric depenel@itche phase mixing time ¥,
one requires a plasma source compatible with @iffeion species.

Reproducibility: The plasma should exhibit the same physical cbaratics under
the identical operating conditions. This is a neitgdor studying the different aspects
of the wave phenomena in a controlled manner.

Ease of operation: Since the proposed experiments require paramstudy with
different ion species, it is desirable to change itbn species easily in between

experiments without any major changes in the set up

Therefore the experimental requirements for thdysti phase mixing and wavebreaking

experiments are as follows.

a.

b.

Quiescencedn/n ~0.01 or less

Density range 5 x 108 — 101! cm ™3 (for experimental purpose a three order density
variation within the mentioned range may suffice)

Temperature : few eV

Operating pressures:x 107> — 1073 mbar

Magnetic field:50G to 1.2kG

Extent of the flat top magnetic field:2 m

Axial uniformity of the plasmacL,;form > 1.2 m
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h. Plasma source to be compatible with different ijpacges

2.3 Selection of Plasma source

Over the years several plasma sources and devasesteen built for conducting different
plasma physics experiments. Different laboratoryaspia sources have different
characteristics. In order to identify a potentildgma source for carrying out the proposed
wave experiments a number of laboratory plasmacssunave been reviewed. The suitability
of a plasma source has been judged keeping in rfiadrequired plasma features as
described in the previous section along with tecdincomplexity involved in building the

plasma source and cost of building and maintairsémee.
The different plasma sources that have been redienediscussed as follows.

1. Positive Column of parallel plate DC glow discharge: Production of the plasma by
the application of a potential difference betwe&n tlectrodes is one of the oldest forms of
plasma production. Plasma is produced by electmguact ionization of the neutral gas and
the discharge is sustained by secondary emissioelaatrons from the cathode surface
because of ion bombardment [47]. The structureuohs discharge is complicated near the
cathode [47], but away from the cathode in the tp@sicolumn, fairly uniform weakly
ionised plasma is obtained. The positive column ddsngitudinal electric field which is
fairly constant along the column. DC glow dischaogeé be used to produce long plasma
columns (> 1m) if sufficient voltage is applied Wween the anode and the cathode. Plasma
density typically ranges from0° to 101! cm™3. The electron temperature typically vary
from 1 — 5eV, depending on the ionization potential of the ddlspressure and column

radius [48]:
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exp(eE;/kpT,)

4/ eEi/Te

where C is a tabulated constant [49]. The ionsgamerally in thermal equilibrium with
neutrals. A longitudinal magnetic field reducediaa diffusion but a field larger than few
hundred gauss can cause instabilities in the plashann [50]. The fill pressure typically
ranges from hundreds of mbar td 8 ! mbar. At low pressures quiescence is often limited
by ionization instabilities (striations). Hencer fguiescent plasma production operation is
limited to higher neutral pressures. Thus in DCwgldischarge the plasma is highly

collisional and it is not suitable for the proposesve experiments at all.

2. Hollow cathode discharge: The limitation of the ordinary glow dischargeterms of
higher operating pressure can be surmounted inllavh@athode discharge by the use of

differential pumping. The schematic of the plasmarse is shown in Figure 2.4.

Gas —_p73Cathode | Anode
T

WV

| Pump ‘

ziamt

Figure 2.4: Schematic of hollow cathode discharge

The hollow cathode is a thin walled metal tubeyfpidal diameter 1 cm) which electrically
serves as the cathode and simultaneously acteaspht for the neutral gas, which is to be
ionized. The neutral pressure inside the cathotle ttan bel03 times higher than in the

main chamber. Ignition is typically achieved by madting. Generally hollow cathode is
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operated at high current densities typically in tamge ~1 — 10 A cth Intense ion
bombardment of the cathode at such current demditi@ds to high cathode temperatures
causing thermionic emission. Most of the ionizatomeurs in the high pressure region inside
the cathode. lonization efficiency can be is higB0% and is generally used for high density
plasma density production [51] (£0- 10* cm®). However lower plasma densities around
~5 x 10 cm ™3 which is more suitable for the proposed wave erpamts has been reported
by Sato et al [52]. Hollow cathode discharge canoberated both in the presence and
absence of an axial magnetic field. Plasma temperaianges typically from 2 — 4 eV.
However plasma temperature can be decreased cousilyuby an order of magnitude by
installing pins in hollow cathode discharge [52hid can be advantageous from the point of
view of parametric wave studies. A number of gasesbe used for plasma production. The
lower operating pressure in hollow cathode disobaigy ~10~*mbar. Since the lowest
operating pressure required for the proposed wayerament is arounsix 10> mbar,
hollow cathode discharge may not be suitable fergtoposed experiment. Additionally the
life time of the metal tube that acts as the holloathode is also less and may require

frequent replacements, this increase the down dintiee experimental device.

3. Duoplasmatron: Like hollow cathode discharge, collisionless plasin this case is

Main plasma chamber

EEEELEIZEEWEEEM\
o ; ks

10 Ultra High
/ Y KK KRR KK NIK KR KRN yvegum

Duoplasmatron / / Fump
plasmasource Electromagnets Vacuum gauge

DXIXIXIXIX]

/7

Figure 2.5 Schematic of an experimental device using a duoplasmatron sot
magnetized plasma production
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also produced by differential pumping. The schematia duoplasmatron plasma source for
production of collisionless plasmas is shown inuFég2.5. Plasma is produced by filament
discharge at high pressure&s~ 1072 mbar and injected through a 1 — 3 mm diameter hole
through a magnetic mirror into the main chamberciwhs held at a much lower pressure (~
10° to 10° mbar). Long plasma column can be sustained (>hrtié presence of a strong
axial magnetic field of value of few kG [53]. Plaanmhaving density f810° cm,
temperature 5-20 eV using a duoplasmatron sounge lbeen reported in the literature [54].

But the radial uniformity of the plasma producethgsiuoplasmatron is poor [50].

4, Reflex discharge: The geometry of a typical Reflex discharge isvamd-igure 2.6
schematically. Plasma is produced by electron immagzation. The ionizing electrons are
confined axially by negatively biased electrodesl aadially by an axial magnetic field.
Instead of using hot cathodes as shown in Figde éld cathodes can also be used for
plasma production. Plasma can be produced oveda density range +0° — 1012 ¢cm™3.
Plasma temperature typically ranges from 2 — 10TéWs plasma source is compatible with
an axial magnetic field. The main disadvantage weftex discharge is lack of quiescence for
greater part of the parametric range of operatizensity fluctuations level can be > 10 %
depending on the instabilities present. Howevés fiossible to produce quiet plasma over a
small parametric space. When the axial magnetld fad the operating pressure are such
that the electron loss rate due to classical ddfuss equal to the ion loss rate, instabilities
are suppressed [55]. The density fluctuation leleglreases tén/n = 0.01%. This strictly
restricts the available operating parametric sgacavave studies. Hence reflex discharge

cannot be used for the proposed wave studies.
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Figure 2.6: Schematic of a typical reflex dischaugeng a hot cathode. F = filament, A =
anode, C = cathode and M = magnet

5. Radio Frequency discharge: A plasma can be produced inside a vacuum champer
means of an oscillating electric and magnetic fi&& range commonly used in discharge
practice isf =1 — 100 MHz. 13.56 MHz RF generators are most commonly used fo
plasma production. RF discharges can be subdivimtedcapacitive, inductive and helicon
discharges depending on the way in which RF enésggeposited in the plasma. In
capacitive discharges, the voltage from the RF @gaoeis applied to the electrodes, the
electrons gains energy from the oscillatory electreld. Plasma is produced by electron
impact ionization of neutrals. The operating pressuange using the parallel plate
configuration is typicallyl0™2 — 10~ mbar and densities are obtained in the range
10% — 101° cm~3. Typically in inductive discharges, RF is fed tlibal coils wound axially
around a cylindrical dielectric plasma vessel asashin Figure 2.7b. The power is coupled

to the discharge by transformer action. The ogidgcurrent in the coil produces an
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oscillating magnetic field along the axis of thel eghich inturn produces an induced vortex
electric field with closed lines of force. The dlens are accelerated by this induced electric
field and oscillations occur in curved orbits. THensity range for efficient inductive
discharge is typically 10 times greater than capecrange. Typically inductive discharges
are operated at pressures aba0e® mbar . Helicon discharges [56] are wave heated
discharges and absorption of energy from wavesattictes is responsible for deposition of
RF power into the plasma. This plasma source islfigfficient and can be used to produce
high density plasmas 1012 — 103 cm™3. Figure 2.7c shows the different antennas that

have been developed for helicon plasma production.

Chamber

N

* 1

Vf ‘\1> Plasma @

b (a) Nagoya Type III (c) Right helical (¢) Spiral

(A) Capacitive discharge Antenna

e (Iewsil)
é l (b) Boswell type (d) Left helical
(B) Inductive discharge (C) Helicon Discharge

Figure 2.7: Different types of RF discharge. (A)p@aitive discharge, (B) Inductive
Discharge, (C) Different types of antenna used ineliddn discharge.

Using the same antenna capacitive, inductive afidamedischarges can be produced in a
device, this increases the plasma density rgm@2— 1012cm=3) available for experimental

purpose. Long plasma columns [57] can be produgedsing helicon plasma source in the
presence of an axial magnetic field. Helicon plasmay be quiescent or noisy depending on

the operating regime [58]. Typically the lowest mgig [59] pressure for devices using a
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helicon plasma source is10~* mbar. But helicon plasma column may not be radially
uniform under all operating conditions. In addititmthe conventional methods described
above, power from the RF generator can be coumglgatdduce plasma under a variety of
other configuration. For example, Earl and Mackenfi0] produced reasonably uniform
cylindrical plasma in the presence of uniform mdignigeld (< 500G) by applying 200V RF
at 80 MHz to a fine wires stretched across the dtam They produced argon plasmas of
densities10® — 10° cm™3 and electron temperature up to 12 eV with noiseelléwn/
n~0.3% . The lowest operating pressure reported by Earl aviackenzie is

around10~* mbar. Plasmas of different gases can be produced asifRF source.

6. ECR plasma: Long magnetized uniform plasma column [61] cangeeerated by
exploiting the fundamental electron cyclotron remwe condition. The applied axial
magnetic field may be uniform [62] or non-unifor@8]. Typical non uniform profiles being
either that of a mirror or half mirror. Microwave generally launched axially; it couples to a
mode of the plasma and is absorbed in the resonayeewherev = w,,., this absorption of
the wave energy by the plasma particles helps imtaiaing the plasma. Figure 2.8 shows
the schematic of a microwave discharge system fodyction of uniform magnetized
plasma. A magnetron is used as a microwave solirseconnected to a circulator followed
by a dual directional coupler. The circulator pobsethe magnetron from the reflected power
while the dual directional coupler is used to santpk forward and reflected power. Linearly
polarized microwave is launched directly from arempgended waveguide into the plasma

chamber through a mica window.
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Figure 2.8: Schematic of linear plasma device vatimicrowave source for magnetized
plasma production. RPM = Reflected power meter, EPRbrward power meter.

Typical frequencies of microwave sources for ECReldlaapplications range from a few GHz
to several tens of GHz. In tokamaks, ECR pre-idiomaand heating are usually carried out
at frequencies between 30 to 100 GHz dependingp@wdlue of the toroidal magnetic field.

However, 2.45 GHz microwave source is the most comynused because they are easily
available, cheap and magnetic field requiremetass (876 G). The ECR produced plasmas

are generally efficiently ionized and of moderatnsity. There is a critical densify,.)

determined by the cut-off condition of ordinary waw ~ w,, = \/m, wherew,,,

is the plasma frequency amgis the vacuum permittivity. AR.45 GHz the value o,

is 7.4 x 101° cm™~3. This limitation can be surmounted by feeding powsing a circularly
polarized microwave. Tanaka et al. [64] using a52@Hz microwave source produced
plasma having density > 103 cm™3 by converting the linear polarized microwave to
circularly polarized one by using a circular pateri Thus it is observed that plasma over a
wide density range [64, 62] i.20° — 1013 cm™3 can be produced in ECR discharge. The
lowest operating pressure is typically 197> mbar . ECR plasmas with low density

fluctuations [65] §n/n ~ 1 — 2%) have been reported in literature. Plasma temperaian
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vary from few to few tens of eV. Plasma of differegases can be produced using ECR

discharge.
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Figure 2.9: Schematic of a double ended Q machine.

7. Q machines: In the Q machine plasma is produced by contagkzation [66] of an
alkali or alkali earth metal vapour on a hot mgialte and thermionic emission of electrons
from the hot plate at high temperatures. The schieraba Q machine is shown in the Figure
2.9. Figure shows a double ended Q machine howgl@sma can also be produced in a
single ended configuration with the hot plate a& end and a terminating metal plate at the
other end of the column. Plasmas of different ipecges can be produced. The ion species is
limited to neutrals having low enough ionizatiorergies like Na (5.14 eV), K (4.34 eV), Cs
(3.89 eV), Ba (5.21 eV) etc. Hot plate is made fromaterials with high melting points like
tungsten(3380°(C), tantalum(3000°C) and rheniun(3182° (). This is so because the plate
is to be maintained at high enough temperaturegvi® an appreciable Richardson emission
of electrons to maintain plasma neutrality. The Iptdte is generally maintained at
temperatures arourzil00°C. Both electrons and ions have the same temperagutkat of

the hot plate just above ~ 0.2 eV. This can beedaby application of auxillary heating. For
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example Levine et al. [67] varied the electron temapure from 0.2 eV to ~ 1 eV by resonant
absorption of energy at electron cyclotron freqyehg application of ~ 1W of power at
10GHz. Plasmas over a wide range of densities8870, 71J107 to 10*3¢m ™3 have been
produced in Q machines. In order to produce coliiss plasma one has to operate the
device in the low density range18’ — 10° cm ™3 because of the high electron-ion collision
frequency due to lower temperatures. The plasmdused is radially uniform and the radial
uniformity is dependent on the diameter of thepiate. Long plasma column (> 1 m) can be
easily produced by confining the plasma by magretld of the order of kG aligned along
the axis of the device. The plasma produced in @hinas is generally very quiet as most of
the free energy sources which can excite instaslitcan be avoided. For example
nonuniform heating of the hot plate will give rigea temperature gradient on the plate which
can cause a large potential gradient in the pla3ine.resulting electric field may cause ion
and electron drifts. This can be solved by usimgr@fully designed cathode system [72, 73].
Finally it can be concluded that the required qeeese, uniformity, density and temperature

range for the proposed wave experiments can b&fisdtin Q machine.

8. Multifilament discharge: In filament discharge, plasma production is based
electron impact ionization of the gas by accelerdteermionic electrons emitted by heated
filaments. The filaments are heated by passingeatithrough it. The current density of the

thermionically emitted electrons in the presencéigh extraction field is determined by the

Richardson Dushman layy,,, = AT* exp (— :W), whereA is the Dushman’s constant

BTe
(1.2x 10 Am~2 K~2), T is the filament temperature in kelvit, is the work function of
the filament in volts and; is the Boltzmann’s constant. If the extractiontageé is not large
enough, the emission is space charge limited aackthission current density is given by

Child’s Law for a cylindrical diodg, o V3/2. The thermionically emitted electrons are
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accelerated by the biasing voltage applied to fkeménts. These energetic (primary)
electrons ionize the gas by electron impact iolepatThe plasma forms sheath around the
heated filaments and the plasma at the sheathfedge the anode. The sheath region around
the filaments is rich in ions and primary electrons

Homogeneous plasma over a large volume can be gedday using multiple filaments such
that the ionizing electrons are disposed symmélyieaound the chamber. This concept was
used by Taylor et al. [74] to produce uniform plasover a large volume in their double
plasma device. Densities were typically in the eh@f — 101° cm™3, electron temperature
varied fromo0.5to 5 eV and noise leveglén/n) was5 x 10~* . The lower operating pressure
in this type of devices is typically 10~* mbar. This is so because as the pressure decreases
the mean free path increases, and when the meampéth becomes much greater than the
system dimension most of the primary electronspstathe vessel wall without ionizing the
gas. This problem was solved by introducing mulbiete confinement scheme, for confining
the plasma and the primary ionizing electrons. FEg2110b shows a double plasma device,
using permanent magnets to produce a multipolametagfield at the surface of the vessel.
The primary electrons are reflected multiple tirbask into the plasma by the multi-dipolar
magnetic field at the surface of the vessel. Thesionizing electrons travel a much greater
length before it is lost to the vessel wall; agsuit plasma can be produced at a much lower
operating pressure. Limpaecher and Mackenzie [7&hgu multidipolar confinement
produced quiescent collisionless argon plasma at107° Torr with T, ~ 5eV, T; =
0.5eV,n; ~ 8x 10 ¢cm™3, noisedn/n ~ 2 x 10~*. The reason for observation of such
low density fluctuation was ascribed to the isoizapon [48] of the primary electron
population due to scattering by the permanent ntadiveng the surface of the device. The

Mackenzie bucket has been used in neutral bearmtangefor tokamaks; it has been used for
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producing large volume uniform plasma for wave ®sdn the absence of axial magnetic

field.
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Figure 2.10 : Schematic of devices using multiféantary discharge for plasma production,
(a) Double Plasma Device, (b) Double plasma dewidbd multidipolar confinement, (c)
Device for production of magnetized filament plasma

Gekelman and Stenzel [40] produced magnetized plasmimg a multifilamentary cathode. A

schematic of a multiflamentary device with an &xraagnetic field is shown in the Figure

2.10c. Primary electrons produced by the multiféetcathode in weak field region stream
along the magnetic field lines to high field regiproducing plasma by electron impact
ionization. The large source chamber is surrourtmegermanent magnets which serve to
confine the primary electrons enabling efficieragpha production. The magnetic field near
the joule heated filaments is maintained at a l@we around ~ 10 G such that twice the
Larmor radius of the electrons emitted by the figuts is greater than the filament

separation. This is done to ensure that the elestemitted by adjacent filaments are able to

52



thermalize. Gekelman and Stenzel were able to medogon plasma with a density range ~
10° — 10" cm® and operating pressure spanned fer.7 x 10~° to 1073 mbar. They
reported a density fluctuatiam/n < 1% in argon plasma at 4 X 10~* mbar and1kG
magnetic field. Plasmas of different gases likeoardgelium, neon, etc., can be produced in

filament discharge.
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Figure 2.11 : Schematic of a device using Largdexgoated cathode for plasma production.

9. Large area oxide coated cathode: Oxides coated cathode of oxides of barium (Ba),
strontium (Sr), calcium (Ca), are efficient emistet low temperatur@800°C). The oxide-
coated-cathode is stretched flat with springs awitéctly heated by filaments behind it. The
emitted electrons are accelerated through a pulsdeagrid to ionize the gas by electron
impact ionization. Large diameter plasma over @ ldistance can be produced using an axial
magnetic field. In LAPD [76] a large area oxide tamhcathode is used to produce plasma of
diameter 50 cm and 10 m length in a magnetic figddto3 kG. Quiescent [77] plasmas
(6n/n ~1%) of different ion species like krypton, argon, etan be produced. Plasma can

be produced at lower operating pressure [F8]0~* mbar. This source is particularly
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suitable for production of high density plasmal0!! — 102¢m™3 with few eV
temperatures. Oxide coated cathode suffers fromrideation of the cathode coating when
exposed to0, andCO0, [79]. Oxide coated cathode plasma source is mosdyccompared
to other hot cathode sources [79].

10. Other sources. Some of the other type of plasma sources like lpsmituced plasma,
atmospheric discharge [47] etc, as they are noaldei for the proposed wave experiments
have not been described here. For example lasduped plasmas exist for a small duration
of time and the spatial extent is also too sma#ittmly phase mixing of plasma oscillation in

detail.
24 Proposed Device

From the review of different plasma sources onfgwa sources are found to be suitable for
the proposed wave experiments. From the pointef\of compatibility with magnetic field,
production of collisionless uniform plasma with la&nsity fluctuation and required density
range (section 2.2 on page 33) only Electron cyatotesonance discharge, Q machine and
multifilamentary discharge with an axial magneield are suitable for the proposed wave
experiments. One of the easiest ways to produoaguniform plasma column using ECR is
to launch the microwave in a uniform axial magndigtdd. However the magnitude of the
magnetic field is limited by the frequency of miast@ve source used for plasma production,
such that the resonance condition is met{ w..). Thus inorder to have the experimental
flexibility of changing the uniform axial magnetieeld a variable frequency microwave
plasma source is necessary. But such a variabledrey microwave plasma source is very
costly. The problem can be circumvented by produg@lasma with a 2.4 GHz microwave

source in a non-uniform magnetic field.
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Q — machines satisfied all the plasma source @mganentioned in section 2.2 except one
and i.e. is ease of operation. For the proposedrerpnts plasmas of different species will
have to be produced. Changing the ion species maghine will take time. Moreover Q

machines are very costly.

Multifilamentary plasma source in the presence rofagial magnetic field can be used to
produce uniform plasma at low operating pressuraiesgence is a concern density
fluctuation én/n ~1% was reported by Gekelmann and Stenzel in SCAMP3 at
10~* torr, but value of density fluctuations at lower opergipressure- 5 x 10> mbar is

not available in published literature for this tymd devices. A detailed study of
multiflamentary plasma source compatible with amabmagnetic field shows that there is
scope of carrying out a number of modificationghe existing designs for improving the
performance. For example the axial confinement wmgry ionizing electrons can be
improved by lining the walls with permanents magnetline cusp configuration for better
confinement. The density range accessible for éxg@ats in the main chamber can be
increased by controlling radial diffusion in theuste chamber. This can be achieved by
removing the permanent magnets lining the curvefhse of the source chamber and control
the radial confinement of plasma in the source dierby increasing or decreasing the axial
magnetic field. To increase the maximum value @dvedble axial magnetic field near the
filaments, the filaments will have to be spacedselp such that filament spacing is greater
than equal to twice the Larmor radius of the priynelectrons emitted thermionically by the
heated filaments. This is so because if the filasweme spaced at a distance greater than
twice the larmor radius then the electrons emiktgdwo adjacent filaments may not be able
to thermalize and this will result in parallel beafB0] inside the experimental device which
is not desired for wave studies. It may be posdibleeduce filament spacing to 1 cm thus

increasing the magnitude of maximum allowable mégrield near flaments to ~ 70 G at —
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90 V discharge voltage. However it must be noted Bierre et al. [80] pointed out that the
ambient magnetic field near the filaments shouldldss than 10G for quiescent plasma
production in a multifilamentary source compatibigh an axial magnetic field based on the
results of Taylor and Mackenzie in the double plashavice. This may not be quite true and
further experiments are needed to verify this. &sds quiescence is concerned experiments

can be carried out to reduce plasma fluctuationsioymizing sources of free energy.

Considering the low cost and scope of improvemeatlable for a multifilamentary plasma
source coupled with easy availability of materiedgjuired for the construction locally, a
multifilamentary plasma source with an axial magnéeld is the preferred plasma source.
Local availability of the materials required foetbonstruction of the device is important as it
reduces the time required to procure the matehalsce cuts down the time required to

fabricate the experimental device and carry ouesgary trouble shooting.

Thus it was decided to make a magnetized lineasnmadevice with a multifilamentary
plasma source having a number of modificationsuibesour experimental requirements.
Considering that experimental results may not avag as desired, the new device must
have enough flexibility to accommodate an ECR sewrcbe converted into a Q machine if
absolutely necessary for the wave experiments.rdieroto ensure that the device can be
converted into a Q machine if required, there mustprovisions to increase the axial
magnetic field values to 2.5 kG or above. Thussiblenoid magnets to be designed must be
capable of producing higher magnetic fields thancessary for operation with

multifilamentary source.
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Chapter 3  Experimental device and diagnostics

An experimental device is designed and fabricabectdntrolled study of plasma waves and
instabilities. It has a number of components whialre been carefully planned to deliver a
machine a) having wide plasma parameter regime,elyanow plasma density to high
density, to allow plasma frequency to go from lesshigher than electron cyclotron
frequency, b) operable at wide range of pressupever collisionless to collisional regimes,
c) having low quiescence plasma allowing wave exioh and detection experiments
possible, d) flexible magnetic coils positioningget different magnetic field configurations,
e) operable in steady state or pulse mode to regeirements of various experiments, and f)

having options of connecting to various kinds @fgpha sources.

The experimental device is developed in two stalyethe first stage, a prototype device is
made to test the new designs, carry out troubldésigpaherever necessary and develop the
primary diagnostics. The prototype device is caNM&gnetized Linear Plasma Device. In the
second stage the upgraded version of the devidesialled and operated. The upgraded
version is called Inverse Mirror Plasma ExperimebBevice [42, 39]. This chapter describes
the design and construction aspects of the expatahdevice. The diagnostics that has been
developed to measure plasma parameters and cdriyave experiments is described. The
diagnostics include Langmuir probe for measureméplasma density, temperature, plasma
potential, floating potential and EEDF, emissivelw@ for direct measurement of plasma
potential, rack probes for measuring fluctuatiomgplasma, ion acoustic wave exciter and

detector, Langmuir wave exciters and high frequearcgiver probes.

57



3.1 Magnetized Linear Plasma Device (ML PD)

The design and construction aspects of magnetizedriplasma device are as follows.
3.1.1 Plasma production

Plasma is produced by electron impact ionizatiothefneutral gas. Schematic illustration of
the plasma production method used in MLPD is showhigure 3.1. A two dimensional
array of joule heated filaments is mounted on thala&nd flange of the source chamber. The
primary electrons emitted by the filaments stredam@ the magnetic field lines from the
source to subsequent uniform high magnetic fietglore and ionize the gas. Loss of charged
particles on the axial end flange on the source $&dlimited by lining its walls with
permanent magnets in line cusp configuration [18]order to prevent local rise in the
pressure due to outgassing from the permanent rtea@ng], the permanent magnets are
mounted on blind slots milled on the surface of tihange from the air side as shown in
Figure 3.2. Two NdFeB (Neodymium Iron Boron) magnat6 mm height and 10 mm width
are placed on top of each other. The surface fiEhch permanent magnet is ~ 3.5 kG. The
distance between the magnet surface and the vaewalms 6 mm. The center-to-center
separation between two adjacent line of magnetsedlan the cusp configuration is 4 cm.
NdFeB magnets are chosen because of their low pnidehigh coercive force. The curie
temperature of the magnets is ¥I2and the maximum operating temperature i8C80
Because of their low operating temperature theflamdje is actively cooled by passing cold
water in alternate slots as shown in Figure 3.2e Tlow rate is maintained at
100 litres per minute for effective cooling. This number is arrived gtthermal simulation

in ANSYS software.
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Figure 3.1 : Schematic illustration of the plasmadoiction method used in MLPD. Joule
heated filaments are located in the low magnedid fregion followed by a subsequent high
magnetic field region.

The multi-filamentary source consists of 48 filansearranged in the form of a matrix. The
filaments are attached to rectangular frames, whrehsupported inside the vacuum vessel
using in-house developed water cooled current feealighs. All the filaments are
electrically connected in parallel and are powdsgda 500 Amp, 20V power supply and
negatively biased by a 128V, 25A DC power supply rfegular operations. The electrical
connections are shown in the Figure 3.2. The filatnh@ filament separation is 2 cm, which is
less than twice the Larmor radius of the primargcebns near the filaments. There are
provisions in the source to reduce the filamenasgpon to 1cm if operational requirement
demands. The filaments (tungsten wires of purity9%, 0.125mm diameter and length 6
cm) are placed at a distance of 21.3 cm from timeriwall of the end flange, where the
magnetic field due to the permanent magnets isgauss only. The voltage drop across the
filaments is ~ 6 V and the heating current for eflement for daily operation is maintained

at ~ 2A.
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Figure 3.2: (a) Diagram of the plasma source flasigewing its features. (b) Schematic of
the plasma source showing the electrical connextion

3.1.2 Vacuum Vessd

The cylindrical vacuum vessel of MLPD, made of rdigss steel SS304. It is 2.72 m and
consists of two parts: a) Source chamber, and i) lasma chamber. The schematic of the
vacuum vessel is shown in Figure 3.3.

The source chamber which houses the multi-filamgraasma source is 0.5 m long and 0.5
m in diameter. It has four orthogonal side portche 155 mm in diameter and located
midway between the two ends. C channels are webthethe surface of this chamber for
passing chilled water for cooling during operation.

The main chamber is 2.22 m long and 161 mm in diamdt consists of 5 smaller sub-
chambers of varying lengths bolted serially. Thistfsub-chamber is the longest, 850 mm in
length, whereas the others have smaller but sit@fagths, namely, 360mm, 300mm, 264mm
and 296 mm. The fifth chamber has a Tee sectiondonecting a vacuum pump. There are a

total of 17 radial ports of different inner diammstevelded at various axial locations and
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distributed azimuthally Stapart. The eight ports in the first sub chambertheelargest in
diameter (90 mm) and they are to be used for incod) three-gridded exciter for exciting

waves in the plasma.

Provision for attaching Main Plasma Chamber (MPC)
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Source Electrically isolated subchambers of MPC
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Figure 3.3 : Schematic of MLPD

The first four of the above five sub-chambers carelectrically isolated from the rest of the
device and made to float or biased as per the n&feiti® experiment. There is provision for
attaching an electrically isolated mesh to the 2@ thick adapter flange between main
plasma chamber and source chamber. This mesh mdyabed to alter the downstream
plasma parameters. The sub-chambers of the mambaramay also be biased with respect
to one another as per requirements of the expetimen

Two high vacuum pumps are being used to pump theura vessel. One 700 I/s (un-baffled
speed) diffusion pump is connected to the sour@ntler. The second pump;1@00 [/s
diffusion pump, is connected to the fifth sub chamht other end of the system. Both

diffusion pumps are isolated from the vacuum systgynbutterfly valve. Pressure is
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measured by three gauges, two Instrutech make dtbbae ionization gauge (IGM 401
hornet) and one Pfeiffer made cold cathode gaugsl¢hno. IKR 251). All the gauges are
placed away from the high magnetic field regionngsa suitable extension to reduce the
stress on the filament due to the magnetic fielte base pressure achieved in the system in
absence of the plasma source is 1D ®mbar. Gas is fed to the system in a controlled
manner using Pfeiffer make gas dosing valve (m&N 116) located near the source
chamber.

The whole vacuum system is mounted on a hon-magseind made from aluminum square
bars. The KF (Klein Flange) clamps used in theesysare also non-magnetic in nature.
Differentially pumped vacuum feedthroughs are uimdinserting probes in the vacuum

vessel.

3.1.3 Magnet System

The magnet system of MLPD is designed to delivigataop axial magnetic field in the main
chamber over a distance hft m. The magnetic field is to be varied frdm- 200 G. The
low ripple in the main chamber is achieved by pigcthe electromagnets magnets with
center to center spacing less than the inner raddittee magnets. The width of the magnets is
optimized to have enough space between the madoetplacing the diagnostics. The
electromagnets magnets are 10.2 cm wide with idi@@neter and outer diameter, 42 cm and
55.5 cm, respectively, and center to center spdmtgeen consecutive regular magnets is 20
cm. The separation between last two regular magateg¢sther end is 2.8 cm. The material
selection for the fabrication of the magnets andcess employed to construct it are
specifically chosen to minimize the cost and tim@mduction. Poly Vinyl Chloride (PVC)
coated copper wires of 16 sqg mm conducting crossesel area are wound over a PVC pipe
of 42 cm outer diameter, which is supported at berlds by rectangular hylam blocks
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(80.5cm x 86 cm) of 0.9 cm thickness. Each magnet has 77 turns. fiagnets are air

cooled and can be easily operated for 30 minutds any damage due to temperature rise.

The magnets were designed using the freely availbisson Superfish Code [81]. Figure
3.4 shows axial variations of magnetic field aethradial locations, measured using a Hall

probe. The ripple in magnetic field in the axiakediion in the flat top region is1%.
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Figure 3.4 : Variation of axial magnetic field widistance at three radii.

A picture of the fully assembled experimental dewonsisting of the plasma source,

vacuum vessel and magnet system is shown in thed-8)5.
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Figure 3.5: Picture of Magnetized Linear PlasmaiBev
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3.2 Inverse Mirror Plasma Experimental Device (IMPED)

The Inverse Mirror Plasma Experimental Device issigieed and fabricated for the
experimental studies of waves and instabilitiesotlisional and collisionless plasma in the
presence of magnetic field. The device has beeelde®d with significant inputs from the
experience gained during experiments in MPLD. Prymgoal of IMPED is to meet the
experimental requirements of the proposed waveedias described in chapter 2 at the same
time have enough operational flexibility for invigstting other waves and instabilities like

drift, Kelvin-Helmholtz and Rayleigh-Taylor instdities.

Major upgrades were performed to make the InverggoMPlasma Experimental Device.

Some of the upgrades include replacement of thaioldooled magnets with the new steady
state water cooled high magnetic field (2.4 kG pwdus operation) electromagnets. The
new magnet system has novel features for enhanlcgnglasma parametric space available
for wave experiments which will be discussed iradgtlater. The design and construction of

upgrades are described below.
3.2.1 Plasma Source

A two dimensional array of joule heated filamentasbd negatively with respect to the
vacuum vessel is used to produce plasma in IMPEDa part of the upgrade the dimensions
of the filament holding structure is increased t@anmodate 90 filaments instead of 48
filaments that were used to produce plasma in MLIPlRe filaments are arranged at 2 cm
spacing, the holding system can also accommodatednts arranged at 1 cm separation if

the requirement arises.
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3.2.2 Vacuum Vesse

The length of the vacuum vessel is increased aartagb the upgrade. A new cylindrical
chamber is added between the exiting source anch#iie chamber. This is done to increase
the distance between the plasma source and the rhagnetic field region of the main
chamber. As the increased length between the samatenain chamber will enable the user
to decrease the magnetic field from high valuegshm main chamber (~1.2 kG) to low
magnetic field values (< 60 G) the near plasmacugtowly enough such that adiabatic
invariance of the magnetic moment of the gyratihgrge particles moving from source to
main chamber is maintained.

The new cylindrical chamber is called the sourcemsion chamber. It is 0.62 m long and ~
0.346 m in diameter. The source chamber extensamnthree sets of 40KF radial ports
located at three axial locations. Each set conefstisree radial ports at $@part azimuthally
with no ports on the bottom side. The source clanextension is attached to the source
chamber at one end and main chamber at the otltebgrwater cooled adapter flanges.
Provisions are made for attaching electricallyasedl mesh on both the adapter flanges. The
mesh may be biased to alter the downstream plaanaangters.

The length of the upgraded experimental device a®ED is 3.38 m. The schematic of

the cylindrical vacuum vessel is shown in the FegBu6.
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Figure 3.6 : Schematic of IMPED

Three high vacuum pumps are being used to pumpabteum vessel. Two pumps, one 700
I/'s (un-baffled speed) diffusion pump and one 28Qurbo molecular pump (Pfeiffer made
Model no. TMU 261 Y P), are connected to diamelifycapposite ports of the source
chamber. The turbo molecular pump (TMP) is conredtean inverted position by an I-
section as shown in the Figure 3.6. The long lisedtas been used to ensure the value of
ambient magnetic field near the turbo molecular pumbe less than 60 G. The third pump,
a 500 I/s diffusion pump, is connected to the fétib chamber at other end of the system.
The base pressure achieved in the system in abseindke plasma source k3 X

107 mbar, whereas with the plasma source attached it bee@mel0~° mbar.
3.2.3 Magnet system

The magnet system has been designed keeping inthenahulti-filamentary plasma source,
magnetic field requirement for wave studies, mazing diagnostic access while minimizing

ripple in the magnetic field both in the radial aaxial directions §B/B < 1%) in the
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uniform magnetic field region of the main plasmamiber. The multi-filamentary plasma
source requires the magnetic field near the filasmém be kept below 38 G whereas the

experimental flexibility demands a magnetic fielarable in the range of 50 G to 1.2 kG in
the main plasma chamber to enable changing elecyolotron frequency .. ) from less
than to greater than plasma frequeney,( ). Thisatian should be independent of the

magnetic field in the source chamber for greatertrotlability of plasma parameters in the
system. The mechanical holding system must bebiex@nough to allow the user to change
the location of the magnets in order to achievéeddht geometrical configuration of the
magnetic field. The magnet system should be ablerdduce steady state magnetic field to
avoid dynamic stress related problem to all medancomponents and to reduce the
demand on plasma diagnostics. The magnet systeuahdshe able to produce a high uniform
magnetic field (~ few kG) such that other plasmarses like an alkali plasma source may be

used in the future if the experiment demands.

With the above conditions in mind, the magnet systéd the IMPED has been primarily

designed with the help POSSON SUPERFISH [81]. Theults of the POISSON

SUPERFISH code are shown in Figure 3.7. The figepeesents the variation magnetic field
in the RZ plane. A total of ten magnets with NI 800 Amp turns are needed for producing
an axial uniform magnetic field of value 1.1 kG emding over a length of 1.3m. These
magnets termed as regular magnets placed coadslynd the main plasma chamber as
shown in Figure 3.6. The successive regular magaetsseparated by 9.5 cm, allowing

enough space for diagnostics. Inner diameterseofrtgnets are kept at 42 cm.

Larger diameter coils could have given better umiity in the main chamber, however, it
would have added to the cost. The outer diame@madth of the regular magnets is 64.5 cm

and 10.5 cm respectively. The last two regular reegm@at either end of the main plasma
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chamber are separated by 2.5 cm. This is done ten@xhe uniform region in the axial

magnetic field region in the main chamber. The oth® types of electromagnets, namely
the extension and compensation magnets are useditdain the magnitude of the magnetic
field near the emitting flaments at permissibléues irrespective of the magnetic field in the
main plasma chamber. The inner diameter and witldil ehe 4 coils are 64 cm and 4.5 cm
respectively, while the outer diameter of the estem and compensation coils are 74.8 cm

and 72.4 cm respectively.

The name of the system is derived from the magfiedit profile as shown in Figure 3.7. It
is seen that the magnetic field profile extendirapTt the main plasma chamber to the source

chamber resembles an inverse of a magnetic miomrguration.
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Figure 3.7 : (a) 2D color map of the simulated negnfield showing the variation in the RZ
plane. (b) Profile of the magnetic field produdedthe regular magnets. The length of the
arrows is proportional ttbg|B| (c) Variation of the magnetic field along axis.ll ke three
figures are folNI = 18000amp-turns in the regular magnets. The currertténcompensation
and the extension magnet is zero.
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3.23.1 Choice of conductor and magnet fabrication

The choice of the conductor for fabricating the metg involves several trade-offs. First, one
has to choose the conducting material to be usechdéing the magnets. Generally copper is
used to make magnets for generating magnetic fefldsalue few ~ kG. This is so because
copper magnets cost less to fabricate comparedstather counter parts like super
conducting magnets. The magnetic field produced byagnet is directly proportional to the
total current(NI) flowing through it. Hence large currents must bizeh by large power
supplies to generate high magnetic fields. This$ éd to generation of heat which must be
dissipated by cooling the system. If the heat isdissipated, the conductor temperature will
rise as a result the resistance of the magneinilease, requiring higher voltage to drive the
same current. If the rise in temperature is nockbd and the temperature rises beyond the
maximum operating temperature of the materials usedake the magnet, the magnet may
get damaged permanently. One of the most effeatimgs of cooling a current carrying
conductor surrounded by other current carrying cetats is to pass liquid coolant like cold
water through it. Hence a channel for water coolisgan additional requirement. The
conductor material must be soft enough to be befdrim coils. Two variants of coper was
considered for the fabrication of the magnets, tedgdic tough pinch (ETP) grade and
Oxygen free High conductivity (OFHC) copper. ETPpper was selected for magnet
fabrication because of its low price and local Elality. OFHC copper do have a higher
conductivity, (101% International Annealed Copptarfdard) [82] compared to ETP grade
[82] (100% IACS), but 1% reduction in conductivity tolerable compared to significant
price difference between the two grades of cop@ecular cross-section annealed copper
tube of inner and outer diameter 8mm and 5 mm otisedy is chosen for fabrication of the
magnet coils. This dimension of copper tube is latyuused in the industry hence it is cheap

and locally available, and annealed copper tubesait enough to be bent to form coils.
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The magnets coils are made by fabricating sub aoilee form of double pancakes first and
then the fabricated double pancakes are assentbledke the magnets that are to be used
for the experiments. The coils were fabricated onde with a 1.2 m diameter turn table
having a motorized feed arrangement shown in Fi@u8e The frequency of the turn table
can be varied from 0.1 Hz to 5 Hz as per requiremafinding was done on a steel bobbin
placed on the turn table having a diameter equ#théanner diameter of the magnet being
fabricated. For electrical insulation, the coppamauctor was first wrapped around by double
layer of 1 mil thick kapton tape, then by doublgelaof 0.25 mm thick cotton tape. Insulating
and winding were done simultaneously with the h&flpnotorized feed. Finally, after the
completion of the winding, one double layer of oaotttaping was given throughout the
pancake. Two copper blocks of dimensi@@sx 60 x 15 mm~3 were brazed on the two
leads of each pancake for electrical connectiorereds two brass nozzles were brazed at the
ends of the lead for water connection. Each paneasthen subjected to several tests for
interlayer insulation, high voltage withstand, wapath blockage, water pressure withstand
cum leakage and resistance measurement acrossahesids of the pancake before applying
epoxy to provide extra insulation and mechanicatrgjth. The finished pancakes were
assembled together to make required magnets. &egagnets were made by assembling
five double pancakes and extension and compensatagnets were made by assembling

two double pancakes coaxially.
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Figure 3.8: Machine for fabricating the double
pancakes

3.2.3.2 Magnet cooling consideration

The magnet coils are cooled by passing deminethlizer a20°C through the magnets at
5 bar pressure. Such high pressure ensures thefleatang through the tube in the turbulent
regime for better heat transfer coefficient betwdenwater and the conductor surface. The
flow rate of the water through the system is aliid@ litre per minute and the inlet water

temperature is maintained at’@0for effective cooling.
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3.2.3.3 Testing of the magnet system

The magnetic field extending from the main plasnhancber to the source chamber is
measured using a gauss meter with a Hall probe.omWparison of the measured and
simulated magnetic field as shown in in Figure &@ibits a remarkable agreement. The
magnet system produces a flat top field over adcs of 1.3 m; in the main chamber. The
variation of the magnetic field in the chamber i8.#% in the axial direction and ~0.46% in
the radial direction. The magnet system is powessdg four sets of magnet power supplies;
this is done to enable magnetic field of differeabfigurations in the system. By varying the
currents in different coils one can produce différenagnetic field gradients at different

locations in the system.
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Figure 3.9: Comparison of the simulated and expemiadly measured data (a) Variation of
the axial magnetic field along the axis. (b) Vaaatof the axial magnetic field along the
radius

3.2.3.4Magnet support structure and final assembly

The support structure is designed with emphasiergto make it simple, quite flexible in

placing the coils, making all the diagnostics povisry much accessible and, most
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importantly, economical. The magnets are mountech ®tainless steel stand that can be
placed on the aluminium stand used for holding vheuum system. Unlike the hylam

support used for magnets in MLPD, this stainlegglsstand allows for greater spacing
between the magnets. Figure 3.10 shows a completgedar magnet coil consisting of five

double pancakes resting on the stainless steel ehdugrding stand. The smooth bottomed
magnet holding (MH) stand can easily be slid onatuninium stand thus enabling the user
to easily change the position of the magnets ieassary. The slots at the bottom of the MH
stand are used for bolting it to the aluminium dtérus locking the position of the magnets.
The two rectangular blocks with holes on eitheesafithe MH stand is used to pass guiding
rods which is helpful in arranging the magnets callx It must be emphasized that no

magnetic material has been used in the magnet agsemin the assembly of the vacuum

vessel.

to the aluminium stand
ole for guiding rod

Figure 3.10: (a) Picture of a double pancake after applicatbrvarnish. (b) Picture o
finished regular magneimade by joining five pancakes together. (c) Maghetdinc
structure.

A picture of the fully assembled experimental devieshown in Figure 3.11.
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Table 1 : Magnet system description

Regular magnet

Extension
magnet

Compensation
magnet

L ocation Coaxially around Coaxially around | Coaxially around

main chamber source chamber | source chamber
extension

Inner Diameter 42 cm 64.5 cm 64.5 cm

Outer diameter 64.5 cm 74.8 cm 72.4 cm

Length along the 10.5cm 4.5 cm 4.5cm

axis

No. of turns 120 turns 20 turns 16 turns

Resistance 114 mQ 24.8 m() 19.6 mQ)

Total number of 10 2 2

magnets

Power supply Magnets are Each magnet 20 V / 250 A power

powered by four
power supplies

1. 40V/250 A
(2 magnets)
2. 60V/167 A
(3 magnets)
3. 60V/167 A (
3 magnets)
4. 40V/250 A
(2 magnets)

separately
powered by 32A /
30 V power

supply

supply is used to
power both magnets
connected in series.

For independent
operation 32V/60A
power supply is used.
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Figure 3.11: Picture of Inverse Mirror Plasma Expental Device (IMPED).
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3.3 Plasma Diagnostics

3.3.1 Langmuir probe

A Langmuir probe [83] is one of the oldest and masdely used diagnostic tools for
measuring plasma parameters. A Langmuir probesisimple form consists of a bare wire
that is inserted in the plasma. The wire is bias@t respect to a reference electrode or a
grounded vessel and the current collected by tbhbegycorresponding to each biasing voltage
is measured. The variation of the probe current wespect to the biasing voltage is termed

as the |-V characteristics.
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Figure 3.12: Typical I-V characteristics obtainedMPED at high density.

Figure 3.12 shows a typical |-V characteristicse ®Hiectron current collected by the probe
has been considered to be positive and the ioremmumegativel; is the potential of the
plasma with respect to the probe reference whicthisrcase is the grounded vessel. When

the probe is biased at plasma potential, thereislectric field between the probe and the
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plasma. Electrons and ions impinge on the probfaseiwith their thermal velocities. The

electron flux to the probe is much higher than ibws owing to the lower mass of the
electrons(m, «< m;) and higher electron temperatuig& > T;). As a result the current

collected by the probe is predominantly electromrent. If the probe voltage is increased
above the plasma potential a sheath is formed drtha probe and the sheath electric field
attracts the plasma electrons entering the sheatihet probe. The probe current slowly
increases on increasing the probe potential abdov@lsma potential as shown in the region
A of Figure 3.12. This is because of the sheattaesion of the around the probe resulting in

an increase in the collecting area.

Decreasing the probe potentidll, <V,, the probe is now negative with respect to the
surrounding plasma and increasing fraction of thpimging electrons is reflected from the
negative potential (Region B). Eventually the patns sufficiently small to reduce the
collected electron current to small fraction of segturation value. The total probe current is
zero when the electron current is equal to thecioment (I, = I;) at the floating potentid;.
Decreasing the potential further, entering the aegC, eventually all the electrons are
repelled and only ion current is collected by tmebe. The ion current varies very slowly

with the probe potential and this region is terrasdhe ion saturation region.

Over the years different Langmuir probe theoriegehbeen developed to interpret the |-V
trace of the Langmuir probe for determination & pflasma parameters under a wide variety
of operating conditions. The various rangesigfr,, A/r, andi/4, determine the well-
known domains of operation, whetgis the probe radiug,, is the debye length which is a
measure of the sheath thickness amslthe mean free path. These limits are illustfatethe

three dimensional diagrarp — A, — 4 diagram shown in Figure 3.13.
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Figure 3.13 Three dimensional diagram illustratuagious probe-operation regimes, probe
radius(rp), Debye lengthAp) and mean free path)([84]

From the Figure 3.13 one can identify six différprobe regimes that could be divided into

two domains depending on the magnitude of Knudsemoer,K,, = 1/7,.

A. K, > 1 : Classical Langmuir probe
a. A> 1, » Ap: thin sheath limit
b. 1> Ap > r,: orbital limit thick sheath
C. Ap » 4> 1, collisional thick sheath
B. K, « 1: Continuum Electrostatic probe
a. r, » Ap » 4 : collisional thin sheath
b. Ap > n, » A: collisional thick sheath

C. 1, » A > Ap: collisionless thin sheath
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Most of the probe theories are asymptotic in on¢éhefthree parameters, A, and 7,, and

the domains of the applicability reside inside ine @f the shaded areas of Figure 3.13 .

Condition K,, > 1 represents the classical Langmuir probe regimes $heath may be
collisionless (A- 1, A-2) or collisional (A-3) depding on the relative magnitudes band
Ap. ThekK, « 1 represents the condition where probes are alwallisional relative to the
gas (continuum flow) but for which the sheath maymay not be collisional depending on
the relative magnitudes afand4,. In addition there are transitional domains repnésd by

the diagonals.

Several Langmuir probe theories have been developegktract plasma parameters like
plasma density from the |-V curve in different donsaoperation. For example in the
collisional thin sheath regime (B - 1) density ¢tendetermined from the ion current collected
by the probe using the theory of C.H. Su and K8&l|[ In the collisionless thin sheath regime
(A-1) density can be determined from ion saturatnrent using the Bohm velocity.
Similarly there are theories for operation in imtouum collisional thick sheath regime [86]
(B — 2), collisionless orbital thick sheath limg&3] (A — 2) etc. In addition to the domains of
operation described above there are number of odgemes of operation where Langmuir
probe is used, notably magnetized plasmas [87 t8&Julent plasmas [89, 90] etc. There are
a number of monographs and review articles on Lamgprobe some of which are given in
ref [91, 92, 93, 94, 95, 96]. There is no gendrabty for interpreting |-V characteristics for
all operating conditions. Actually, the probe thedary which the plasma parameters are
estimated depends on the shape of the probe, ionllimean free path of the species,

dimensions of the probe, Debye length, Larmor raétg.
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3.3.1.1 Single Langmuir probe in quiescent collisionlessspia

The usage of single Langmuir probe for measureroeptasma parameters in IMPED and
MLPD is limited to quiescent collisionless quasitialplasma. The earliest probe theory for
determination of plasma parameters in a quiescelfisionless plasma using a Langmuir
probe was proposed by Mott-Smith and Langmuir i@6L§B3]. They considered particle
orbits within the space charge sheath surroundirspheerical or cylindrical probe in the
collisionless regime; the probe current is limitedly by the angular momentum of the
orbiting ions. For this theory to be applicable grebe sheath must be much larger than the
probe radius. The potential variati@iir) inside the sheath has to be gentle enough tha the
is no “absorption radius” and the particles hit pinebe at grazing incidence. This may not be
the case in laboratory plasmas. An “absorptionusidmight exist, outside the probe, such

that the particles which cross it are destinedttthie probe [97].

In 1957 Allen, Boyd, and Reynolds (ABR) [98] dexil a relatively simple differential
equation which could be solved to givér), for all r without division into sheath, presheath
and plasma regions. However, this theory was amiyspherical probes and only fBr= 0,
so that ions moved radially into the probe andelveas no orbital motion and the absorption
radius was at infinity. Chen [99] later extended Th= 0 calculation to cylindrical probes.
The first probe theory which accounted for bothashdormation and orbital motions was
worked out by Bernstein and Rabinowitz [100] , wdssumed an isotropic distribution of
monoenergetic ions. The theory is further refingdLbframboise [101], who extended the
calculations to a Maxwellian ion distribution atreeraturdl;. He presented the results as a

tabulation of parametei’‘such that

I = eApnO(kBTe/zn'mi)l/zi(V;)/kBTe ;rp/AD ) Ti/Te) (3.1)
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wherel, the probe is potential with respect to the plasinés the probe currenti,, is the
probe arean, is the plasma densityy; is the mass of the ioffi, is the electron temperature,
T; is the ion temperature amg is the Boltzmann constant. Laframboise theorypisliaable
for a wide range of ratios of probe radius to Delgyegth(r,/Ap.), a complete range of ion
to electron temperature rati¢g /T,), and have been experimentally verified in a vgradt

conditions [102, 103, 104].
3.3.1.1.1  Density determination

Since Laframboise theory is the most complete théar cylindrical Langmuir probes and
has a wide range of validity, we shall use Lafraisddheory for density determination.
However, use of Laframboise theory involves a fodl@icate computations and is not easily
applied to experimental measurements. Several gjppate fits to Laframboise’s results
have been made. Most notably by Kiel [105], Petermad Talbot [106], Steinfichel et. al.
[107, 108, 109], Mausbach [110] and Chen [111]. fitieg formulas of Kiel and Peterson—
Talbot are not accurate fgy/A, < 5, hence they are not used to determine the deinsttyr
case. The analytical expression used by Steinbliéthal. and Mausbach to fit the numerical
results of Laframboise is not accurate for largees for r,, /1, , sayr,/Ap = 80. Hence not
used for density determination. The fitted formofaChen has a wide range of validity from

0 <7,\1p < 100. Hence has been used for density determination

The fitting formulas as suggested by Chen are l&sie

1 1 1

Gy ) ©2)

) R T (kBTe
kpTe Iy engdy \2mm;

-1/2
Wheren =1, = ) , Vpr andV; are the probe

potential and the plasma (space) potential witheesto the reference electrode.
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The parameters A, B, C and D in (3.2) are givethigyfollowing expression.

Ao 1
=a+ 1 1
[
(]
(3.3)
B,D = a + b&€ exp(—dé”)
C=a+b&°
whereé = r,/Ap. The coefficientst, b, c and d in (3.3) are given in Table 2,
Table 2 : Coefficient for calculating ABQ®) for all §
a b C D f
A 1.12 0.00034 6.87 0.145 110
B 0.50 0.008 1.50 0.180 0.80
C 1.07 0.95 1.01 - -
D 0.05 1.54 0.30 1.135 0.370

In addition to cylindrical Langmuir probe plasmandity has also been measured with planar
probe. In case of planar probe the thin sheathitiondr, /A, > 1 gets more easily satisfied,
in such a case one can assume that the probettajlecea is equal to the physical probe
area. Wheif, >» T; , the velocity of the ions in the sheath is gilsnBohm velocityvy =
\/W- For a probe biased in the ion saturation regiachgshat all the electrons are

repelled and the probe only collects ions, thesaturation current is given by

kgT, (3.4)

i

II:OTLS(lt == O.61€n0Ap
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For densities where the thin sheath assumptio i®mger valid, one will have to consider
the increase in the effective collecting afda,;) of the probe at large negative voltages due
to sheath expansion for density determination. i8aer[112] derived from his numerical
simulation that of the ratio of the effective cali@g area to the physical probe a(ég) can

be expressed as

Acrr
p

The fitting parameters ¢’ and ‘b’ in (3.5) are givena = 2.28(¢)7%7%° and b =

0.806(5)—0.0692 ]

Other symbols have their usual meaning. The exjaresggven in (3.5) is valid fol0 < & <

45 and5 < n < 30.

Since the ion current is proportional to the cdltatarea, the ‘corrected’ ion currefdf ;o)

in which the sheath effect is removed, can be tatled from the ‘measured’ ion current

(Ii meas)-

Ii corr __ A

p
Ii meas Aeff

_ Ii meas (36)
1+ an?

I i corr

The density has been estimated frh,,- usingl; .o, = 0.61engAy,/ kT, /m;.
3.3.1.1.2  Electron Temperature

The plasma temperature is determined from the exqtaal electron repelling region of the I-
V characteristics. In a Maxwellian plasma the etattcurrent collected by the probe for

probe potential less than the plasma (space) pake&ngiven by
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e(Vs = Vpr)l vo<v, G

I, = I ,gexp [— KT
e

Wherel,, is called the electron saturation current. Itiieg byl,, = ienovtheAp . Other

symbols have their usual meaning.

Taking logarithm on both sides of expression (819 gets

eVs eV
Inl, =Inl,, — =
e MHeo kBTe kBTe
el eV.
Inl, = ”T+(l I ——S)
e kBTe Meo kBTe

Thus one gets an equation of a straight line withrhagnitude slope given byKzT, when
Inl, is the dependent axis aHg is the independent axis. Hence plasma temperaturde
determined from the slope of the linear regioninf, vsV,, plot corresponding to the

exponential region of the I-V characteristics.
3.3.1.1.3  Determination of EEDF

Knowledge of the electron distribution function isportant for getting a better
understanding of different phenomena. In particfilar) is important for kinetic theory and
f(e) is important in consideration of particle confiremh by electrostatic potentials,
wheree = %mvz. For a large planar probe the derivatives of teeten current with respect
to the probe biadl,/dV,, andd?l,/dV,;. are proportional tgf(e). But when non-semi-
infinite planar probes are uséd, /dV,, is no longer proportional {&(e). For any arbitrary
convex probe geometry when the distribution functis isotropic and for anisotropic

distribution functions with spherical probes, thstgbution function is proportional to the

second derivative of the probe current with respegirobe biagl;,,.).
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0%l, 2me’4,
anzr - mg f(6)|6=e(Vp—Vpr)

(3.8)
P 2 \'*
A e o) SRR ASUEEUSS
In our experiments we have determined distributiorction from the second derivative of

the electron current at lower values of magneéltdfivhen the probe radius < 7.
3.3.1.1.4  Additional species of electrons in a filament plasm

In low pressure filament discharges the electrostribution function is a sum of two
Maxwellian distributions, a cold distribution whiclerrespond to the temperature of the bulk
plasmaTl, and a hot electron distribution corresponding émperaturd’,,. The electron

current collected by the probe in the electronrditg region can be written as shown in

(3.9).
=] _e(Vs—Vpr) 4+ _e(Vs—Vpr) V. <V 3.9
e keGXP{ TM}” eOexp{ W}} pr = Vs ()
(Kinetic e) (bulk e)

At very low pressures a 10> mbar in multidipole devices the primary electrons coefi
by the surface magnetic field and bounce many tinefsre they ionize the neutral gas. Due

to several bounces the primary electrons beconwsopc with energyE,. The primary
electrons form a shell in velocity space at a spged ,/2E,/m.. The three dimensional

8(v-vp)
P amvZ

distribution function can be approximatedfds) = n

The probe current due to primary electrons is thieen by
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pe 4 peo Vpr > Vs
2e(V, =V, 1 m,v?
Ipe = Ipeo )1 (S pr)' Vs —5 epsv;)r<%r
m, v 2 e (3.10)
1m,v)
L,=0 Vor < Vs—=
pe pr ST e

3.3.1.1.1 Floating potential

The floating potential is defined as the bias \gdtat which a probe draws no current. The
floating potential of a conductor is determinedtbg balance of the electron and ion current
to and from the probe. For a Langmuir probe inseitethe quasineutral Maxwellian plasma

with T, > T;, where planar approximation of the probe is va&dr, > 4, , the condition for

no net current collection is

e(Vs —V¢)
leoexp [_ ;BT = lionsat (3.11)
e

In (Iionsat> — e(Vs - Vf)
kBTe

Ieo

Sincelionsar = 0.6en9A,, / f6Te < andl,o = 0.25en4, 8"BT€
kBTe
[ 6.lenyA, m; ] eV,
Tk
[o 25eny4, 8kBTeJ Ble
mm,

After a little algebra one gets

88



ksT 2mm 3.12
VS+(Bee)ln 0.6 |- e (3:12)

For Argon plasma the relationship betwégrandl;

WhereT, isineV.

In case of cylindrical probes, when the thin shegtproximation is not valid, the ion current
collected by the probe at floating potential isloger given by;,ns,: = 0.61eny4, /% .

Thus expression (3.12) is no longer applicable. Tlbating potential of a cylindrical
Langmuir probe was computed numerically by Cher8] 1y considering the ion current to
be given by the ABR theory, and the results wettedito analytic functions. As per the
fitting formulas of Chenl; — V; is 3.7 — 4.6 times the temperature for Argon whgi,, is
varied from 1 — 10. This is significantly less ththe usual value of 5.2 for Argon. The reason
is that the sheath thickness/atcauses a cylindrical probe of a given area taecblinore ion
current and thus the sheath drop has to be lowterpdrmit more electron flow to satisfy the

zero current condition.

Presence of energetic electrons, e.g., primarytrelex can make the floating potential of a
probe more negative and the fitting formulas of iICbe expression (3.12) no longer holds.
This is because in the presence of energetic electut floating potential the ion current has
to balance the current due to energetic electmorsldition to the current due to bulk plasma
electrons [93]. Thus the floating potential geteséoed such that the total electron current

collected by the probe decreases sufficiently shahthe ion current can balance it.
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During our experiments in IMPED and MLPD we havenmared the difference between the
plasma potential and floating potential and comgarevith (3.12) and fitting formulas of FF

Chen [113] to a first-hand information on the preseof faster electrons in the plasma.
3.3.1.2 Effect of magnetic field on probe characteristics

The presence of magnetic field alters the motiorelettrons and ions in plasma. In the
absence of magnetic field the electrons and iongcfEs move randomly in the plasma but in
the presence magnetic field ions and electronslspamound the magnetic field line with a
radius, in the plane perpendicular to the fiele liafr, = mv/qB. The motion of the charged

particles (electrons and ions) across the fielgreatly restricted although motion along the

field lines is similar to the magnetic field frease.

The effect on magnetic field on the current coktelcby the probe is determined by the ratio
of Larmor radiug(r;) to typical probe dimensiofr,). If this Larmor radius for both ions and
electrons is much greater than the probe dimensiwm the previous zero magnetic field

results are recovered.

The presence of magnetic field affects the motibelectrons more than ions because the

Larmor radius of electrons is lower than that oé tltons, owing the lower mass of

electrongr,./r; = /T.m./Tim; ). As a result the electron saturation current ctéié by
the probe decreases on increasing the magneticlfeslause the electron motion is impeded.
This is evident from the reduction in the ratio eéctron to ion saturation current with
increase in magnetic field. In case of unmagnetipldma the ratio of electron to ion
saturation for a planar probe in Argon plasma i§,l8wever in the presence of high

magnetic field it can decrease~as.

Often during experiments one encounters a modgratelgnetized plasma wherg < 7,

butry; > 7,. In this case although the electron current iseidga by the magnetic field but
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the electron current collected by the probe is goee by the thermal Boltzmann factor
(n = ngexp(eV/kgT,) in the region of the I-V curve away from the plaspwential and

towards floating potential. The plasma temperatae be determined from the slope of the
linear region oin(l, vs V,,) forr,, <r,. This has been experimentally verified by many
authors, for example Pierre et al. [80] in a mageet plasma acquired |-V characteristics
using a plane probe of collecting area greater thao radius. The measured the electron
temperature from the semilogarthmic plot of elettcarrent versus probe bias was found to
be in good agreement with the velocity measuremkinn acoustic waves propagating along
magnetized plasma column. Brown et al. [114] inagnetized plasma obtained the electron
temperature from the probe characteristics by asareanent of the logarithmic slope in the
transition region on the I-V curve. They comparedbe temperature measurements with
temperature measured using a three gridded energlysar and found that both results

agreed within experimental uncertainty.

For the case,, < 7, butr;; >> 7, the density can be determined from the ion curusiig
the unmagnetized collisionless plasma theory. Butthe case of strongly magnetized
plasmagr,, < 1, andr,; <m,) the ions moves along the field lines and the erakea is
reduced to its projection along the magnetic fie@ur experiments are confined to
magnetized and moderately magnetized plasma. Tingnhair probe is always oriented
perpendicular to the magnetic field. The tempermiarmeasured from the linear region of
the inlgieceron VS Vpr CUrve and the density is obtained from the iomirsdibn region(r;; >

7).
3.3.1.3 Construction of Langmuir probe

Langmuir probes are fundamentally of three typesomiing to its shape, spherical,

cylindrical and planar probes. For measurement$MRED and MLPD we have used
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cylindrical and planar probes, spherical probeseweot used because of difficulty in
construction. The dimensions of the probe tip wageided on the basis of heat load on the
probe due to the plasma, availability of theory iiaerpreting the probe characteristics, a
good signal to noise ratio, minimization of thetpdvation caused by the probe and required
spatial resolution. Damage to the probes due to fleais avoided by making the probes
from refractory materials like Tungsten and Molybde. Cylindrical probes of
diameter0.25 mm, 0.5 mm and1 mm and lengtl8 to 6 mm are used to measurements. The
radius of the planar probe used3isim. Probes of the above mentioned dimensions can
easily withstand the plasma heat load in our opeyatange. Planar probe is used only for
measurements in the low magnetic field region wileeel armor radius of the ions is greater
than the probe dimensions. The presence of proligeiplasma perturbs the plasma locally
thus to minimize the disturbance a small probeédepred. A small probe also improves the
spatial resolution. But a small probe reduces tlode signal which increases the signal to
noise ratio. Hence the selection of probe dimenssotrade-off between localized probe
perturbation, spatial resolution and signal to @aatio. For this reason cylindrical Langmuir

probe of the above mentioned dimensions has bemhfas most measurements presented in

this thesis.
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Figure 3.14: Langmuir probe assembly using diffeedly pumped feedthrough. All electric
probes are introduced in the vacuum system thraudjfferentially pumped feedthrough like
the above.
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Figure 3.14 shows the assembly of a single Langmrabe. One end of the probe tip is
brazed with copper wire for making electrical coctrens. The copper wire is soldered to a
miniature coaxial cable and the other end of thax@b cable is connected to a vacuum
compatible BNC. The probe tip is held in positionthe plasma by an ultrahigh vacuum
(UHV) compatible ceramic tube which is connectec tmetallic shaft. UHV grade ceramic
is used to avoid local outgassing from altering plesma parameters near the probe. Since
the ceramic tube is an insulator, the disturbarmesed by it is very small compared to the
disturbance caused by a metallic tube of similaratision. In IMPED and MLPD for radial
radial probes only the ceramic tube and the prgbétexposed to the plasma the metallic
shaft is never exposed to the plasma. As far aaxtta probes are concerned, the probe tip is
separated from the metallic probe shaft y5am long ceramic tube. The diameter of the
metallic radial probe shaft is dictated by the isguent to prevent sagging of the probe
shaft. As far as axial probe is concerned a dogjtege structure is used to hold the probe in
position while the probe shaft rests on the surfafdde vacuum vessel. The vacuum sealing
is carried out using a differentially pumped feedttgh, this is used to prevent local rise in

pressure inside the vacuum vessel during movenig¢he@robe.

Figure 3.15 shows some of the Langmuir probesaraused in IMPED and that have been

used in MLPD.
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Figure 3.15: Different Langmuir probes that weredmé&r measuring plasma parameters. (a)
Radial cylindrical single prob& mmlength and0.5 mmradius, (b) Radial planar single
Langmuir probe having radild mm (c) Axial cylindrical Langmuir probe with the fibhg
ceramic structure in dog leg shape configuratioabe radius 1mm and lengdhmm and (d)
Axial planar single Langmuir probe having radgisam

3.3.1.4 Langmuir probe measurement circuit

The Langmuir probe measurement circuit in its b&sim consists of a voltage source for
biasing the Langmuir probe and a shunt resistamceiies with the probe and the biasing
power supply for measuring the probe current fdfedgént biasing voltage. The biasing
power supply and the measuring resistance can fm@ected in two ways. In one case, one
connects the Langmuir probe directly to a floatpoyver supply which is connected to the
vessel reference (ground) through a shunt resistascshown in the Figure 3.16a. The
disadvantage of this method is that the capacithetgeen the floating power supply and the
ground will be so large that ac signals will be rsledrcuited to the ground and the probe
cannot be expected to have a good frequency respdhg bias supply can also act as an
antenna to pick up spurious signals. The spuriads pp can be avoided by housing the
floating power supply and the measuring resistanca single grounded metallic box. But
this solution aggravates the capacitance betweefigating supply and the ground. To avoid
this one can ground the bias supply and place tbasoring resistance on the hot side as

shown in the Figure 3.16b. We have used this schiemear Langmuir probe circuits.
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Figure 3.16: Two ways in which a probe, currentsgan resistor and biasing power supply
can be connected.

The Langmuir probe is biased by a triangular vatagveform which is varied from90 V
to+ 10 V. This high voltage bias is generated by a highaga amplifier PA 85 with a
function generator (Max 038/XR 2206) at its inptihe probe current is measured by
measuring the voltage drop across a resistancg asirisolation amplifier. In some of our
circuits we have used a galvanic isolation ampli{i®D215) and in the other circuits the
current signal is optoelectronically transmittedCfL253) to the grounded data acquisition
system. The current measuring resistance is véoad 50 Q to 470 Q. The wiring is carried
out using coaxial cable with a grounded outer shielreduce noise pick up. The Langmuir
probe bias voltage is swept at a low frequen@y2 Hz. This is done to ensure that the
displacement current between the central condustdrthe outer shield of the coaxial cable
is much less than the ion saturation current. Tibisever reduces the temporal resolution of
the measurement. But for measuring steady statanplgparameters high time resolution is

not a necessary.

For time resolved measurements at high frequerspeaially designed Langmuir probe has
been made using a triaxial cable with a drivenldhi€he effectiveness of the method has

been illustrated below.
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Figure 3.17: Three configuration in which a tridxéable can be wired. A Belden make
triaxial cable of lengthi.2 mis used this experiment.

A triaxial cable typically comprises of a centrainductor and two coaxially placed outer
shields isolated from each other. Figure 3.17a shawriaxial cable and the capacitance
associated with it. The effective capacitance betwthe inner and outer shield is given
C,C,/(C; + C,) . The capacitive current between the inner corafuantd the outer shield can
be reduced if the voltage drop across one of tipaaitors can be reduced. By driving the
inner shield(guard) with the same voltage as theerinconductor, the capacitive current
between the inner conductor and the outer shieicbeadrastically reduced. We demonstrate
this experimentally using a current measuring tasie and a function generator connected
in series. Figure 3.17 shows three configuratianshich the triaxial cable can possibly be
used experimentally. In Figure 3.17a the innerdoator is driven while the outer shield is
grounded and the middle shield floating. In Fig8r&7b the inner conductor is driven while
the outer and the middle shield grounded. In FigRid’c both the inner and the middle
conductor is driven while outer is grounded. Theeinconductor is driven by a 6Vpp 1 MHz

sinusoidal signal to determine the capacitive aurie all three configurations. In case (a) the
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effective capacitance between the inner conductdrtlae outer shield is a series combination
of the capacitance between the inner conductorttadhner shield and the inner shield and
the outer shield. In the second case the capaeitagtoveen the inner conductor and the inner
shield is the effective capacitance as the outértiaa inner shield is short¢d,,~C; ). In the
third case, since the inner shield is driven byshme potential as the inner conductor, the
AV between inner conductor and the inner shield teodsero hence the capacitive current
from the inner conductor to the driven guard (inekield) tends to zero. Thus it may be
expected that the capacitive current for the chyevi{ll be maximum followed by case (a).
The capacitive current in case (c) is expectecetmimimum. Our experimental results shows
that capacitive current for case (aRis mA, case (b) i4.57 mA and case (c) i$0uA which

agrees with the prediction.

The Langmuir probe system for high frequency meaments uses a driven shield to reduce
the capacitive current between the central conduaial the outer grounded shield. The

circuit used is shown in the Figure 3.18.

\ R Biasing Power
U ]l AA % Supply
. L

Figure 3.18: High frequency Langmuir probe circuit
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3.3.1.5 Analysis of I-V trace of MLPD and IMPED plasma

A code has been written in MATLAB for quick detemation of the plasma parameters from
a single Langmuir probe I-V trace. The electron gemature has been measured from the
slope of the logarithmic the of electron currenthe electron-retarding region, whereas the
plasma density has been determined from the atteaftéld probe current in the ion
saturation region where the current is theoreficalll defined. Measurements have been
carried out iteratively. The code can be operateith in the automatic and semi-automatic
mode. But considering the large density variatiof — 1012 ¢cm ™3 that can be attained in
IMPED, most of the measurements were carried outh& semi-automatic mode. The
difference between the automatic mode and semnr@atio mode lies in the identification of
the linear region of thn(I¢ectron VS Vprr), Which is done manually in the semi-automatic

mode.
The I-V trace evaluation procedure is describedwel

A. Step 1: The Langmuir probe data is loaded and dmedaib remove the digital noise.
The smoothing procedure includes fitting a straigi in the sampled ramp voltage
and generating the voltage data point from the sguaf the fitted straight line. The
acquired probe current was smoothed by using thézgasolay technique. The first

numerical value obtained from the probe charadtesiss the floating potentidd, =

|4

»r (I, = 0). This is followed by the determination of the prespotential(l;) from

the maximum of the first derivative of the probereant.

B. Step 2: Removal of the ion current from the elattcurrent. For that, first the ion
current which varies weakly with the probe potdnigsasubtracted from the probe

current. This is done by making use of the linegpehdence of the square of the
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probe current on the probe potential [115] V tend to be linear over a large range

of density [111]. The ion saturation part of I-Vathcteristics at sufficiently negative

1z and extrapolated

probe potential is fitted with the equation [1I6¥ C(V; — V)
to I; = 0, wherel is the plasma potential and C is a constant. Tteslfcurve is then

subtracted from the total probe current to obtéacteon current. In addition to fitting

I =C(V;— Vpr)l/2 , the code also has the facility to fit a strailijie [117] in the ion
saturation region of the I-V characteristics anghtlextrapolate it plasma potential for

obtaining ion current. The method of determinatidion current is user selectable.

C. Step 3: The electron temperature is determined thersemi logarithmic plot of the
electron current versus probe potential. Thg vs 1, plot has two distinct linear
regions. A straight line is fitted in the regionr@sponding to the kinetic electrons to
determine the temperature of the faster electranpoment. After subtracting [118]
the contribution from the faster electron compon&gom the electron current, a
straight line is fitted in the linear region bf I, vs V. corresponding to the bulk

electrons to determine the bulk electron tempeeatur

D. Step 4: Initially a rough estimate of the densstynade from the ion current in the

ion saturation region using the Bohm formula.

lionsat = 0-61niBhomeAp\/ kgT./m;

The ion current in the most negative probe pogéigiused to determine the density.

E. Step 5: The total current to a cylindrical probeyrba written as a summation of the

current collected by the curved surface of thendical probd,,,,.q and the flat
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Ir14: €nd surface of the probe. The current collectethbycurved surface is estimated

by multiplying the total current collected by theope with the aspect ratio factor
(Arl.

anpl

Mt (3.14)
r =1l 21,1 + mr? p

Ieyrvea = IpA r

F. Step 6: Having a guess density from the Bohm foamual step 4, estimation of
temperature from step 3, plasma potential from &te@e evaluate the ion current
collected by the curve surface of the probe forrgv@obe potential in the ion
saturation region using (3.3) and Table 2. For yexperimentally measured probe
potential in the ion saturation region, the probgent collected by the curved surface
at that probe potential was determined for a rafgeensities spanning fromg, .,/

20 to 5ng,nm- The density corresponding to the estimated poabeent that had the

closest match to the measured probe current cetleby the curved surface was
determined. In this fashion values of density cspomding to each probe potential
and measured probe current in the saturation regéya determined. For each of this
density value the theoretical ion current is calted as a function of probe potential
from equation (3.3). The density correspondinghi® ibn current curve that has the
closest match with the experimentally obtaineddarrent in the ion saturation region

is determined by the method of least squares.

G. Step 7: This is an additional step, it is carried anly whenr, /4, > 10 based on the
values of density determined from step 6. In tiep $he current collected by the flat

end part of the cylindrical probe is estimated. Falues ofr, /4, lying between 10
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and 45, the ion current collected by the flat prabdetermined using Bohm formula
but the physical collecting area of the probe Haeed by the effective collecting due
to sheath expansion as per equation (3.5). Metlesdribed in step 6 is followed to
determine the density but instead of comparinghkeretical ion current collected by
the curved surface of the probe with the experiadgntmeasured ion current

(I.urvea) Collected by the curved surface the total prolreetii is compared.

. Step 8: Using the value of density estimated irp Stethe theoretical ion current is
determined for different probe potentials and sadiad from the measured probe
current to get the electron current. The step$3,5nd 8 are repeated till the values

of density and temperature converge.

Step 9: With successful determination of densityl damperature, the second
derivative of the electron current is calculatediédermine the EEDF. The usual two
point differentiation formula has not been usecelterminimize noise. The derivative
of the probe current is estimated by sliding a sdcorder polynomial of the form
I =aV?+ bV +c in the IV trace covering 21 data points in each fihe
differentiated valuell/dV at the 1f data point is determined i /dV |, en =
2a V| en + bV | en . Total number of data points in a single |-V trasegenerally
2100 points. The code allows the user to changaudhaber of data points used to fit
the second order polynomial. This method allowsoudifferentiate the data and also

has a smoothing effect.
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Figure 3.19 : (a) The blue line represents a tygMaharacteristic obtained in IMPED and
the red line represents the fitted ion current. mesaturation part of I-V characteristics at
sufficiently negative probe potential is fitted Wwithe equation;l= C(Vs — Vlor)l’2 and
extrapolated to;I= 0, where Y is the plasma potential and C is a constant. Stmws the
variation of In(kiectron With probe bias. The red line represents therdmrtton due to kinetic
electrons and the olive line represents the cautioh by electrons.

3.3.2 Emissive probe

The concept of electron emitting probe was propdsetlangmuir [119] in 1923. Electron
emission from the probe provides an opportunitydioect measurement of plasma potential.
Emissive is particularly useful for measurementtigpgradient in the plasma potential for
determining electric field. The operation of emissprobe is based on one principle. When a
probe is biased more positive than the local plapmizntial, electrons emitted from the
probe are reflected back to the probe. When thbepi® biased negative with respect to the
plasma potential, electrons from the emitting preseape to the plasma and appear as an
effective ion current. Emissive probe measuremangsnot sensitive to plasma flow and

beams because it directly depends on the plasneatgdtrather than electron kinetic energy.
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3.3.2.1 Working Principle

The emissive probe I-V curve has two components,dbllected current and the emitted
current. Neglecting the space charge effects, thisston current from a hot wire can be
written as

v, —V,
eV plg(

I, = Ieoexp[ T,

(3.15)

= loo, Vor <V,
WhereV,, is the probe biad/, is the plasma potential,, is the temperature limited

electron emission saturation current dpdis the hot wire temperature in energy units. The
quantityg (¥, — V;,) accounts for the orbital momentum and depend$erhot wire radius
and the sheath radius. The temperature limited somscurrent,, is given by Richardson

Dushman equation.
e
Ioo = ATZS exp (ﬂ) (3.16)
Ty

Where 4’ is the Richardson’s constantpy,’ is the work function of the wire and™ is the
area of the wire. In case of emission from tharigat inside the plasma, the emitted current
is constant for bias less than the plasma potdmgiehuse the emitted electrons do not see any
retarding potential (neglecting space charge efjedthe emission current appears as an
apparent ion collection current. When the biashigva the plasma potential, the electrons
feel a retarding force, as the plasma acts likathorle and the emission current decreases

rapidly.

Neglecting space charge effects, electrons cotleftem the Maxwellian plasma with

temperaturd’,
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—el\V,, —V,
IC = Icoexp l%] VpT < Vp
e
(3.17)
= 1o (e~ 15) Vor 2,

Where,l,is the electron saturation currefifis the temperature of the electron gnid/,, —
V,) accounts for the orbital angular momentum of ctdld electrons. The collected current

of an emissive probe is just the same as thatdalaigmuir probe.
3.3.2.2 Methods of emissive probe

There are three methods for determining plasmanpiataising emissive probe.
3.3.2.2.1 Floating potential method

The floating potential of a sufficiently heatedhissive probe is close to local plasma
potential, and this is the most widely used metfaydolasma potential determination using
emissive probe. When an emitting probe is immemndtle plasma, the floating potential of
the probe is that potential at which the incomitegton current from the plasma is balanced
by the outgoing emitted current and the incomingaarrent. As the emission of the probe is
increased lesser amount of coming ion current ¢ceseary to balance the incoming electron
current due to compensation by emitted currentsTdaithe emission increases, the floating

potential of the probe approaches the plasma patent

When measuring the plasma potential using theifiggioint method as the emissive probe
heating current is increased from no emissionfltreing potential rapidly rises at first, but
plateaus at the plasma potential. After this pointreasing the emission only slightly
changes the floating potential due to space cheifgets. Figure 3.23 shows the variation of

floating potential with of a heated emissive witkerieasing in heating current.
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3.3.2.2.2 Inflection point method [120]

Equations (3.16) and (3.17) describing the |-V elktaristics of emissive probe shows that
when the space charge effects are neglected, fteetian point corresponds to the plasma
potential. For an emitting probe the inflectionmtas shifted by space charge effects due to
emission and this shift is linear as shown in FegBi20. Therefore, the inflection point is
measured for a number of low emission levels tammize the space charge effects and these
points are linearly extrapolated to zeros emisgioget the plasma potential without the

space charge effects.
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Figure 3.20: (a) An experiment emissive probe KAté and its derivative, which is used to
determine the inflection point. (b) The verticalisaxs temperature limited emission
normalized to electron saturation current. The fin& the inflection point is extrapolated to
yield the plasma potential. [12[]20]

3.3.2.2.1  Separation point method

This method is based on the fact that the I-V dattarastics of a hot probe and cold probe
tend to separate from each other near the plasteat@. The bias voltage corresponding to
the separation can be taken as the plasma potertialaccuracy of this method theoretically
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is on the order df,, /e, though the uncertainty in determining the prdgiséhere the curves

separate can be much larger. [121]
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Figure 3.21 : The I-V characteristics of an emgtand a collecting probe. The separating is
identified as the plasma potential. [121]

3.3.2.3 Effect of magnetic field on emissive probe

An emissive probe in a magnetic field [121] has @dified effective probe area since the
electrons emitted perpendicularly to the field via# trapped in gyro-motion and won’t be
able to escape and be emitted. This effect is fetgni if the probe wire oriented along the
magnetic field line in which case almost none & #mitted electrons could escape. This
problem can be avoided by orienting the emissiab@merpendicular to the magnetic field.
A joule heated filament experiences Lorentz fdet8 = I(dl x B)] in the presence of an

external magnetic field. If the magnetic field tsosg enough it can deform a filament with

current passing through it. The Lorentz force meguce the life time of the filament also.

Use of Laser heated emissive probe avoids thisigmb
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The presence of a magnetic field affects the itifbecpoint/emission current relationship
[120]. For a given emission current the inflectipnint will be more negative when a
magnetic field is present than when magnetic fisldbsent. In our experiment we have
measured the plasma potential using the floatingnti@al method. The length of the emissive
probe was held perpendicular to the magnetic figl@.125 mm diameter tungsten wire was
used to make the emissive probe; we did not obdsemding of the tungsten filament of the

above mentioned diameter during operation.

3.3.2.4 Construction and operation of emissive probe

A 0.125 mm tungsten wire has been used to make the emisedoe pThe wire was bent in
the form a hairpin and inserted in a miniature dedtore ceramic. Contact between the leads
of the wires connected to the power supply andtihgsten filament is made by squeezing
the filament and the connecting wire into the boféhe ceramic tube as shown in Figure
3.22 (a). Plasma potential has been measured tisnfjoating potential method as is not
affected by magnetic field and large number of measents can be carried out using this

method very quickly.
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Figure 3.22: (a) Emissive probe construction, (b) Picture of emigsolee,(c) Emissive prok
circuit
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The filament is heated by passing current throtgising a floating power supply with a very
good isolation. The potential between the floatwegemissive probe and the grounded vessel
is measured using a high impedant@V{ Q) voltmeter. The emissive probe circuit is shown
in Figure 3.22c. The length of the emissive prolas Weld perpendicular to the magnetic

field lines to minimize magnetic field effects de@ron emission from the probe. The
variation of the floating potential of the emissp®be with increase in filament heating

current is shown in Figure 3.23.
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Figure 3.23: Variation of floating potential of @je heated filament with increase in heating
current

3.3.3 Rack probefor fluctuation measur ement

The production of quiescent magnetized plasma i the primary requirements to be
satisfied experimentally for the proposed wave isiidThe determination of the degree of
quiescence of plasma involves measurement of geflaittuations at different operating

regimes. It involves a survey of the stability {nstability) of numerous possible modes of
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oscillation. A magnetized plasma may have a nunabantrinsic instabilities and before
embarking on the proposed wave experiments a suwivie different modes present in the
plasma is desired. For this purpose a set of préize® been designed and made for
characterising the different modes present in yiséesn. These probes are used for sampling
fluctuations in ion saturation current and floatipgtential for examining the fluctuation
spectra of density and plasma potential. The date$ series) is acquired at a sampling rate
of 10 mega samples per second and the record length ) million points. The time
series is Fourier analysed to get the power spactinich shows the power at different
frequencies constituting the fluctuations. Linepecral analysis is, however, of limited use
when various spectral components interact with anether due to some nonlinear or
parametric processes. In such a case, higher spmatral techniques, like the bispectrum
(third — order spectrum) analysis, are useful imgletely characterizing the fluctuating
signals. Digital bispectral analysis technique fmvestigating nonlinear wave-wave
interaction in plasmas as described by Kim and Pe\Wi22] has been used in the spectral

analysis of the fluctuation data.

Three probes placed in the poloidal plane of thenmshamber are used for measuring the
mode number. Axial wave numbley is measured using three probes placed at thres axi
locations; these three probes can be moved radiblg wavelengths are determined from
the wave number spectra using a pair of probes][1®83 analysing the time series

simultaneously acquired by the two probes.

3.3.4 lon wave exciter and detection

Experiments on phase mixing of plasma oscillatwilsinvolve the study of the evolution of

plasma oscillation in a non-uniform background plasdensity. An inhomogeneity in the
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back ground density can be easily introduced byirexan ion wave in the background. The
advantage of this method is that by changing thpliwsde and wavelength of the ion wave,
the density gradient as seen by the plasma osmilaan be changed and the evolution of
plasma oscillation at different density gradients doe studied. Over the years several
experimental techniques have been devised foragiait and detection of lon waves, some

of the techniques have been mentioned in the sebgtow.
3.3.4.1 Transmitting Antenna

lon waves are usually excited by applying a pulsalthge to a negatively grid immersed in
the plasma. The grid is made of fine wire to ingéptcas little plasma as possible, and the wire
spacing is several Debye lengths. As an exampleg/\ainal. used a grid spanning their
plasma column made froh0025 cm wire with 0.075 cm spacing in a plasma with a 0.001
cm Debye length. A 5 V modulation of the20 V bias produced a 10% density perturbation.
In addition to a single gridded exciter, a doubtigl ¢124] or plate exciter can also be used

for excitation of ion wave.
3.3.4.2 Detection of ion wave

Many techniques have been used to detect ion wavaseme experiments, the receiver and
the transmitter are identical, and the ion currdrawn by the biased receiver grid is
observed. Alexeff and Jones [125] discuss the Gignissive probes biased negatively and
of cold probes biased positively. They reportedraased sensitivity with such probes,
although care must be taken to ensure that ther@tecurrent drawn by the probe is not
sufficient to perturb the plasma. When using elegirobes to excite and detect ion density
perturbation it is essential to separate the dyremiupled signal from the plasma coupled
signal at the receiver probe. The separation ofcpacitive and the wave signal is often

accomplished by time-of-arrival measurement. Theeally coupled signal appears
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immediately in the receiver on application of thawe exciting voltage on the exciter while
the signal of the slow moving~10~° cms™1!) ion acoustic wave usually appears after many
microseconds. So if a single sine burst is apmiedhe exciter, first a directly coupled signal
will appear on the receiver, this will be followbyg the wave signal many microseconds later

which can be easily observed in the oscilloscope.

There is another way to completely eliminate thgac#tive coupled between the exciter and
the detector and that is by using a microwave fietemeter [126] as detector. A microwave
beam narrower than the acoustic wavelength craeegsdasma perpendicular to the direction
of propagation. It is combined with a referencenalgrom the same source, and the sum is
detected. The density variations of the acousticenraodulate the index of refraction for the
electromagnetic wave. The consequent phase maoalulatithe microwave beam appears as
an amplitude modulation of the sum of beam plusregfce. Although this method is more
complex, it is only sensitive to the density of lasma in the microwave beam and is free

from the difficulty associated with electric probes

3.3.4.3 Our wave excitation and detection system

— e——
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Figure 3.24: Schematic of the wave exciting anectetg circuit.
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Disturbance in the ion time scale is excited byl@ppg a oscillating voltage to a 30mm
diameter stainless steel (SS304) mesh having a wofirdiameter 6mm and ®mm
aperture. The ion wave is detected by using a Lamgprobe biased in the ion saturation
region. The separation between the capacitive aaewvgignal is accomplished by time-of-
arrival measurement. The circuit being used foitaygand detecting ion wave is shown in
Figure 3.24. The wave propagation data are showfigare 3.25, which depicts Langmuir
probe receiver signals at four axial locations wttenexciter is energized with a single burst
voltage pulse. The data is acquired at 10~* mbar, —70 V discharge voltageR, = 495
(R;, = Bmain/Bsource) @nd 327G magnetic field in the main chamber. Thepggation
speed of the observed peak is found t@.6ex 10° cms~! which is close to the ion acoustic

speed estimated from the temperature measuremegtlLengmuir probe.

t (usec)

Figure 3.25: Propagation of the disturbance intioe scale
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3.3.5 Excitation of plasma oscillations

Plasma oscillations and wave associated with ajle fniequency oscillations and waves. For
a density range df0® to 10! cm~3 , the plasma oscillation frequency varies fr284 MHz

to 2.8 GHz. At electron plasma frequency, the vacuum elecagmetic wavelength is
comparable to the apparatus size hence conventortalit theory as in the case of ion
acoustic waves can no longer be applied but rathethas to resort to microwave techniques.
The speed of the electron plasma wave is much higtapared to the ion acoustic speeds

hence the time of arrival technique used for ioouatic waves fail here.

For exciting and detecting plasma oscillagtedtron plasma wave three schemes are
available. The first scheme employs three griddedters [127] for exciting and detecting
signals in the electron time scale. The centrad ggithe power grid it is connected to the
central conductor of a matched coaxial transmisBr@and the outer two outer grids are at
rf ground. Grounding the facing element of the #tcand receiving pair minimized direct
coupling. For carrying out the wave experimentss iessential to reduce the signal due to
direct coupling to value much less than plasma vsgeal detected by the receiver. Figure
3.26a shows a three gridded exciter developed Xoitieg plasma oscillations. In order to
minimize plasma loses to the grid experiments vase carried out using a three gridded
exciter for excitation of the wave but a probe @itd to a 50 ohm semi rigid coaxial cable is

used as receiver as shown in Figure 3.26c.

In the second scheme as shown in Figure 3.2@lmgsten wire fed directly from a 30
semi rigidcoaxial line is to be used for exciting Langmuirveg68] and another tungsten
wire is to be used for detection. To reduce thedlipick up between the exciter and receiver
a stainless steel cylinder of continuous length a&renplaced in the main chamber and both

the exciting and receiving probes are inside tHandgr. The cylinder act as high pass filter
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and the experiment will be conducted below theatUtrequency. Both the above mentioned

techniques are to be used for exciting waves foasmph densities below and

around10® cm=3,

(a) Wave guide acting as high pass filter (b)
I_I? N — L :—. : E’ 7 —> :—. :
/T A4Y Do N\ P
[1 / / !-' N -g
Wave exciter Wave Receiver ~ Semrrigid

coaxial cable 1hree gridded wave exciter and detector

(d) - ]
l\ Semi rigid coaxial cable
Heated filament for Antenna for detcting

generating electron beam plasma oscillation

© E——

Figure 3.26: (a) Excitation and detection of Langmuaves using a probe connected t80a
ohm semi-rigid coaxial cable. The probes are placeidena cylinder of smaller diameter
which acts as a high pass filter. (b) Three grideeciters for exciting and detecting plasma
oscillation. (c) Picture of the three gridded eecit(d) Scheme for exciting and detecting
plasma oscillation using an electron beam, (e)uRecbf a connecterized semi-rigid cable
used for making the high frequency circuits.

The third scheme involves excitation of electroaspta wave by making use of two-stream
instability. Introduction of an electron beam ofndityn,;, and velocityv,, in cold plasma
gives rise to electrostatic waves of frequeacgnd wave numbétr beyond a threshold. Let
the beam density,, be much smaller than the plasma density. Usindltin equations and

linear perturbation theory the dispersion relatan be written as
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Wpi | Whe ©pp  _, (3.18)
w?  w? (w-—kv,)?
If the ions are assumed to be infinitely massivé&Bbecomes
wz wz
1 = Lpe pb (3.19)

w?  (w—kv,,)?

Equation (3.19) is a quartic equation. It will hdeer roots. Depending upon the situation, it
may have four real roots, or two real roots and ¢emplex roots. The complex roots will be
complex conjugate of each other. Equation (3.8%umerically solved and the results are
plotted for different ratio’s of beam density,;) and plasma densiiy:,). The ratio of beam

and plasma density is given hy= n,;, /n,.

(@ . (b)
1571 n=sx10° /
1.0 1 sg
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Figure 3.27: Linear dispersion relation of beanspia instability

The solution of (3.19) is graphically shown in Figu3.27 which shows that complex

133/2
conjugate unstable solutions [128] forexists wherk| < (%) (1 +n§) . The figure

also shows that the unstable solutions occur wahenclose tdkv,, and also close t@,,

andkv,, is equal taw,.. Using this information an analytical expressiondrowth rate can
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be obtained by substituting = w,, + 6 = kv, + 6 in (3.19), and carrying out a bit of

algebra, whei@ < w,,.

(3.20)

2

1 1
Ymax = Wpe [—‘/§<—77)

Thus it is observed for a weak beam< 1 one getswp,, = wy. . Thus from the
experimental point of view it is observed thatsifpossible to excite plasma oscillation using
a weak beam. In the presence of magnetic fielcetbetrons are expected to gyrate around

the magnetic field lines. But the equation of motad the electron along magnetic field bears
the same form as without the magnetic fi@ﬂ case. Hence two-stream instability appears

atw~wy, as if magnetic field is absent if motion aldfi) is only considered.

An electron beam generated by an electrically bidseated tungsten filament is used to
excite plasma oscillations in IMPED over a wide garof frequencies during the wave
experiments. The plasma oscillation is detectedalfjoating probe connected directly to
spectrum analyser. A connected semi-rigid cable lagd frequency vacuum feedthroughs
have been used to make the receiver probe. Plasailéation is excited by introducing an
energetic electron beam103 eV in the plasma along the magnetic field with lowatme
density(n «< 1) and it is detected by a high frequency receiveberplaced at a distance of
3 cm away from the heated filament. The spectrum aealgsennected to the receiver probe

shows a single peak centred on the plasma osoilltequency as shown in Figure 3.28.
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Figure 3.28: Frequency spectra of the detectorasigreasured & cmaway from the heated
filament biased at100 V. Location of the heated filament = 152.5 cmandr = 0 cm
Pressure, magnetic field and discharge voltageeld bonstant al0* mbar, 1090 Gand
- 90Vrespectively.

The method of excitation and detection of plasnwllaton using the two stream instability
is described in much greater detail in chapter thisfthesis. Excitation of plasma oscillation
using a weak electron beam and detection of osomldrequency also serves as a diagnostics

to cross verify the density measurement of Langiprabe.

34 Summary

A linear magnetized plasma device has been desigmeédabricated in-house at the Institute
for Plasma Research for carrying out extensive mxm@atation on plasma waves and
instabilities. The device is built in two stagesiaily a prototype has been developed and this
has been followed by the fabrication and instaltatf the final version of the device. The
device consists of a multi-filament plasma sourtzeed in the low magnetic field region
connected to a main chamber having uniform magtiid through a transition magnetic

field region. The multiflament can produce plasaiaa number of ion species like helium,
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argon, neon, krypton, and xenon and their diffemrhbinations. The axial profile of the
magnetic field can be tailored to obtain many défé configurations by feeding current to
the coils independently. These independent vanatiof magnetic fields in the source,
extension, and main chamber enable the machineatgerwith different mirronR,, =
Bain/Bsource) ratio configurations. Furthermore, this machine designed for
accommodating many plasma sources and the prelsesmha source can easily be replaced
by other sources such as duoplasmatron [53], m&vewsource [61], and oxide coated
cathode [76], it can also be converted into a Qtimecif the need arises. A number of
diagnostics have been developed for the charartgrie plasma and carrying out the wave
experiments. A low noise Langmuir probe system I@sn developed for measuring time
resolved density and temperature. A code has be#terwin MATLAB® for efficiently
processing the single Langmuir probe I-V trace averide operating range for determining
the plasma parameters. A set of rack probes fosungs density and potential fluctuations
in the plasma has been developed. Excitation atettien system for ion acoustic wave and
plasma oscillation have been developed and testeithé proposed wave experiments. Thus
it can be concluded that a versatile linear magedtplasma device along with a wide array
of diagnostics have been developed for experimesttaly of waves and instabilities in a

magnetized plasma.
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Chapter 4  Plasma Characteristics

The versatility of a linear plasma device espegidétsigned for plasma wave studies lies in
its ability to produce various plasmas over a wideameter range in order to accommodate
several experiments. For example, availability @fide range of plasma density over a wide
range of pressure and external magnetic fieldifateks several different experimental studies
by having different collision frequencies, cyclatrdrequencies, etc. In this chapter the
variation of plasma density and temperature withtiadling features is presented. In section
4.1 the plasma characteristics of Magnetized Lifdasma Device (MLPD) is presented and
the importance of results of MLPD in the designlmierse Mirror Plasma Experimental

Device (IMPED) has been stressed. The plasma deaisics of IMPED is described in

section 4.2. A four order density variation and penature variation of 6 times have been
achieved in IMPED using different control featurédl these control features and their

effectiveness has been discussed in detail inatiose4.2.1. The pulsed discharge option of

IMPED has been described in section 4.2.2. ThHigliswed by summary in section 4.3.
4.1 MLPD Plasma

The variation of plasma density with different aohtparameters is studied with Langmuir
probe. A planar probe of radius 3 mm and a cylralrprobe of radius 0.5 mm and length 5
mm have been used to make the measurements. Thmespmere always oriented
perpendicular to the magnetic field. The base presef the system it x 10~°> mbar and
system is purged with argon gas a number of tineésré striking the discharge. Steady state

argon plasmas were produced in MLPD and its chamatits are presented below.
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Figure 4.1 shows the variation of density with gtes in MLPD measured atz =32 cm and r
= 0 cm. The axial magnetic field in the main chambemaintained at 95 G, the discharge
voltage is fixed — 80 V and filament heating cutrén~ 2 A. The density varied from
1.1 x 10 cm™3 to 1.8 X 101° ¢cm™3 on decreasing pressure frdhnx 10~* mbar to 5 X

10~° mbar .
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Figure 4.1 : Variation of Plasma density with grge in the main chamber of MLPD &at
32 cmandr = 0 cm Vpis andBnain are held constant é80 Vand95 Gmagnetic field.

The experimental study of the variation of plasreadity with pressure shows that the lowest
of operating pressure of MLPD 4s5 x 10~°> mbar. This gives an insight on the motion of
charge particles in the source and the main charilberionization length [129] of an 85 eV
electron a6 x 10~ mbar is 20.6 m which is much larger than the system length. Tinus
order to ionize the gas the primary electrons emgrfyjom the heated filaments will have to
suffer multiple reflections between the end flamjehe source chamber and the magnetic
mirror at the interface of the source and the nchemmber, such that the path traversed by the

electrons is greater than or equal to the ionindeogth before finally escaping into the wall
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of the source or the main chambggure 4.1is also an important result from the design point
of view of IMPED. One of the differences between R and other linear plasma devices
[40, 80] is that, in other devices cusp confinemienthe source chamber is present both
curved surface and on the flat surface parall¢héoaxial source flange while in MLPD cusp
confinement is only limited to the axial sourcenfi@. There is no cusp confinement on the
curved surface. Successful production of plasmavatoperating pressures in MLPD shows
that cusp confinement on the curved surface isxaoéssary for production of plasma at low
operating pressures using multiflament plasma @@ulhe axial magnetic field near the
filament due to solenoid magnets surrounding thenrashamber is enough to confine the
ionizing electrons radially in the source chamhmrdlasma production in the device at low
operating pressures. This is an important resuliit deads to significant reduction in
production costs and also enables the user to @ecgseater density range experimentally as

will be shown later in section 4.2.1.4.

Low magnetic field region

Electromagnets
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ermanet magnets

Main chamber

O
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c magnetic
O field region
: XN X
\ Magnetic field profile of electromagnets
dg Filament array \
Diameter of filament array Source chamber

Figure 4.2 : Schematic of the multiflament cathanh the left and its location in the source
chamber in the fringing field of the solenoid maiga@rounding the main chamber.
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Figure 4.3: Radial variation of densityzat 32 cm By, = 95 G, Vpis = - 80 VandP =5 x 10" mbar

The plasma produced is radially uniform. Figure gh®ws the radial variation of density in
the main chamber at z = 32 cmb5akx 10~* mbar , Vpis = -80 V and 96 G magnetic field.
The plasma density decreases to 80% of its pedke w r ~ 4 cm. The diameter of the
uniform plasma in the main chamber may be relabetthé diameter of the filament area by
the conservation of particles along flux lines tlas plasma is expected to diffuse along the

magnetic field lines from the source to main chanfkeferFigure 4.2.

From the conservation of particles along magnétic lines one may write,

Bsource X Asource ~ Bmain X Amain (4_1)

2
. Bsource X dfil
. dmain ~ B
main

26 X 15.6 X 15.6 (4.2)
Amain = 95 =82cm
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The estimated value of the uniform diameter usheg ¢onservation of particles along flux
lines principle, matches very well with the expezirtal result as shown ifigure 4.3 From
this it can be concluded that the net motion ofaleetrons and ions are primarily in the axial

direction along the magnetic field lines.
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Figure 4.4 : Variation of density with magneticldien the main chamber at= 32 cmandr
= 0 cm Pressure and discharge voltage are held constafk10* mbar and -80 V
respectively.

Considering that magnetic field is one of the coltitrg parameters for varying density in a
magnetized plasma device. The variation of dengitly magnetic field is studied as shown
in Figure 4.4 The magnetic field is changed from 95 G to 16&Gnain chamber and the
density was found to increase fr@x 101° cm™3to ~1.5 x 10! ¢cm™3 at — 80 V discharge

voltage and5 x 10~* mbar operating pressure.

With the experience gained in the experiments cotedlin MLPD, the designs of IMPED

was finalized. In section below the plasma charsties of IMPED is presented.
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4.2 |MPED Plasma

Both steady state and afterglow plasma can be pestlin the IMPED. The variations of
plasma density and temperature with different @drmgarameters such as pressure, magnetic
field magnitude and profiles, and bias voltageseh&een characterized to explore the
suitability of IMPED for wave studies. The basegsure of the system &sx 107° mbar ,

the system was purged with dry argon a numbemoégi before commencing argon plasma
production. Cylindrical Langmuir probes of dimemsé, = 6 mm andr,, = 0.5 mm, and
l,=4mm and r, = 0.25mm have been used to measure the plasma density and
temperature. The Langmuir probe is oriented perpetat to the magnetic field. All

measurements are carried out in the main chambessiatherwise stated specifically.

4.2.1 Steady State Plasma

4.2.1.1 Variation of density and temperature with pressame

magnetic field

The plasma density in IMPED can be varied by vayyiime operating pressure, discharge
voltage, magnitude of axial magnetic field. In thest set of experiments, the plasma
densities in the range ef101° — 10! cm™3 has been obtained by varying the argon fill-
pressure from- 8 x 10™* to 1.7 x 10~°> mbar, keeping the discharge voltage at —90 V, the
mirror ratio, R, = 49.5 with B,ain = 1090 G, and filament current 2 A. As showrfrigure 4.5

a variation of plasma density20 times is observed in the above mentioned pressunge.
The plasma density did not vary substantially wttendischarge voltage is varied from -50
V to —90 V, keeping the fill-pressure B, and R, constant at 1 x I6 mbar, 1090 G, and

49.5, respectively.
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Figure 4.5 : Variation of density with pressureanstant magnetic field. Measurements were made at

Vois=-90V, R,=49.5,z=32 cmandr =0 cm

The plasma density in IMPED can also be variedxadffill-pressure by varying the source
and main chamber magnetic fields keeping mirrapya&k.,, constant at 49.5 and discharge
voltage fixed at =90 V. The plasma density decredsea factor o~20 with decreasing the
axial magnetic field strength in the main chamlvemf 1090 G to 109 G and proportionally
decreasing Burceto keep R constant as shown in thégure 4.6 The decrease in magnetic
field strength in both source and main chamberceslthe confinement in both the chambers

which cause the density to decrease in both malrsaarce chambers.
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Figure 4.6 : Variation of density with magnetielél at constant pressure. Measurements
were made &¥pis = - 90 V, Ry, = 49.5 z = 32 cmandr = 0 cm
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Unlike density, the minimal temperature variationsthe main chamber are observed,
varying only from 4.5 to 2 eV, over the entireifity pressure range afx 10> mbar — 8 x
10~* mbar as shown in Figure 4.7(a). The decrease in terperavith increase in pressure
may be attributed to the increase in collisionshwpressure. Marginal decrease in
temperatures has been observed from 3 to 2 eVdeithease in B, from 1090 G to 218 G,

keeping R, and fill-pressure constant at 49.5 and*I@ibar respectively, as shown in Figure

4.7(b).
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Figure 4.7: (a) Variation of temperature with pressat constant magnetic field (b) Variation
of temperature with magnetic field at constant gues. Both measurements were made at
Vpis=-90V, Ry,=49.5 z =32 cmandr=0cm

126



4.2.1.2 Variation of plasma parameters using a unique trams

magnetic field

IMPED provides another interesting option to vatye tplasma density and
temperature in the main chamber without alterirgy aperating pressure and the magnitude
of the magnetic field in the main chamber. The apinvolves changing plasma parameters
by changing the mirror ratio, i.e., the ratio ofgnatic field in the main chamber, {&,), and
the magnetic field in the source chambeg,(B). This can be done by changing current in
the compensation and extension coils. This is teeigely the reason for which we designed
to introduce these coils in the transition regidhe mirror ratio can be changed by varying
Bsource KEEPING Biain CONstant or varying Rin keeping Bource CONstant or by varying both
Bsource@Nd Bhain. In first case we vary Bucekeeping Biain constant and study its effect on
plasma.Figure 4.8a) shows the variation density on the axis ofrtte@n chamber at z = 32
cm on changing Bucefrom ~30 G to 2 G keeping R, fill-pressure, and ¥s constant at
1090 G, 10* mbar, and —90 V respectively. The density is fotm¢hange by a factor of ~
10. The cause of the reduction in density in thenmshamber is investigated by considering

the different effects associated with the decréaseucewhen Bnain is held constant.

Decrease in Buce€nhances the cross field diffusion in the sout@ber as there is
no cusp magnetic field confinement on the periphefythe source chamber, hence,
decreasing the density in the source chamber. &untbre, decreasingsB..and keeping the
Bmain CONstant lead to increase in the mirror ratig)(Rvhich should in principle increase the
confinement in the source extension chamber anéhtitemental reduction in density in the
main chamber should be more than that in the sochmmber extension. However,
measurement of the density in the source chamben&rn along with that in the main
chamber revealed that density decreases in sirfakdrion in both the source and main

chamber as shown in Figure 4.8(b). Therefore, i ¢hse, the cross-field confinement plays
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an important role in controlling the density in timain chamber as compared to mirror effect

[42, 39].
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Figure 4.8: Variation of density with source magnéeld. (a) Measured a& = 32 cmandr
=0 cm (b) Measured & = - 47.5 cmandr = 0 cm Other parameters for both measurements
areP = 10 mbar, Vs = - 90 V and Byin= 1090 G

In second case the magnetic field near the filamesntheld constant while the
magnetic field in the main chamber is reduced. Tinjglies that on decreasing the magnetic
field in the main chamber the mirror ratio will dease as a result more particles will enter
the main chamber easily along the field lines fritva source. Also at the same time, the
cross field diffusion will increase in the main afiaer. The former process will increase the
density in the main chamber while the later wilcdmse the density in the main chamber.

Hence depending on which process is dominant thsityan the main chamber will change.

With reference to Figure 4.9 the magnetic fieldhe source was held constant at 22G

while the magnetic field in the main chamber wasréased from 1090G to ~ 200 G. The ion
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saturation current initially increased in the malramber with decrease in magnetic field till
872G, indicating mirror effect is dominant. Butthe magnetic field is reduced below 872G,
the loss due to cross field diffusion in the malmamber dominates. As a result the ion
saturation current in the main chamber decreasé& [Bngmuir probe used in the
measurement is located at z = 152.5 cm and r =.0Tbms it may be concluded the density
observed in the main chamber is a cumulative otweeeffects, the mirror effect and cross-

field diffusion in the main chamber.
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Figure 4.9: Variation of density in the main chamath mirror ratio. Mirror ratio is
changed by varyin8main holding Bsource CONnstant a2 G Measurements carried out\&s =
-90V, P = 10" mbar, z = 152.5 cnandr = 0 cm

Thus it is observed that changing the magnetid fielthe source chamber and holding the
magnetic field in the main chamber is an effectivel for variation of density in the main
chamber. A density variation of one order is obsdnBut unlike density, temperature shows
small variation with mirror ratio. Variations wittia factor of 2 are observed wheg,Reis

reduced from 31 G to 5 G keeping,d&3 and pressure constant at 1090 G it mbar
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respectively (Figure 4.10). Similar variation ofmjgerature on decreasirgy,,, .. and
holding B,,,, cOnstant atl090 G is also observed at other operating presséres

10~* mbar and6 x 10> mbar as shown irFigure 4.10.
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Figure 4.10: Variation of temperature on the aXishe main chamber & = 32 cmwhen
Bsourceis decreased holdingmain constant al090 G (a) Pressure held constantlét mbar
(b) Pressure held constant@t10* mbar and6x10° mbar. For both measuremelts is
fixed at— 90 V.

Thus it can be concluded that the variable tramsitinagnetic field between the plasma
source and main chamber along with no cusp coniémémon the curved surface of the source
chamber increases the range of densities and tetoperthat can be accessed for

experimental purpose for a given operating presandemagnetic field in the main chamber.
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Density as low ag¢ x 10° cm™3 is obtained in the main chamber under the comlitio
of fill-pressures5 x 10~° mbar, Vp;s = —60V, B,4im = 1090 G, and keeping magnetic
field near the source to a minimum1( G) by feeding compensation with currents in the
opposite direction. On the other hand, a high dgnsi ~ 2 x 10’2 cm™3 is obtained at
9 x 10~* mbar fill-pressures;— 90 V discharge voltage, and 1090 G magnetic field & th

main chamber by increasing the filament heatingecur

4.2.1.3 Axial and radial variation of plasma parameters
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Figure 4.11: (a) Axial variation of density (b) Raldvariation of density at =32 cm Both
measurements were madePat 10* mbar, Vpis = - 90 V, By, = 1090 GandR,, = 49.5,

The plasma produced is axially uniform. Figure 4(dJLshows the axial variation of plasma

density att0~* mbar pressure, - 90V discharge voltage, 1090 Gnetagfield in the main
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chamber and R= 49.5 . The uniform density region is seen to espond to the flat top

magnetic field region in the main chamber. The pkasn the main chamber is also radially
uniform. The radial variation of plasma densitygat 32 cm is shown Figure 4.11(b). Thus it
can be concluded that the uniform plasma requioedhfe wave experiments as per design

requirements has been achieved experimentally PEDI.
4.2.1.4 Variation of plasma parameters using a mesh

Experiments with a mesh in between two chambere Ih@en a common feature of double
plasma devices [74] designed for wave studiesm® tvarying potential can be applied to the
grid to excite waves or one may introduce a beathartarget chamber by biasing the grid. A
mesh may also be used to alter the plasma paramietea plasma device. For example
Mackenzie et al. [130] observed that a positivelgsbed grid consisting 00.025 mm
diameter tungsten wires separated3bym raised the temperature of an argon plasma from
T, = 0.5 eV to almos# eV. The reason for the increase in temperature waigbas to the
selective absorption of low-energy electrons bylitesed grid. The biased grid acted as an
angular momentum trap from which the higher eneetpctrons escape but low energy
electrons are absorbed. Considering the obviouarddges of a grid, facilities were made in

IMPED for attaching an isolated grid that can utedlter the plasma parameters.

In order to study the effect of mesh on plasmarpatars in IMPED an isolated mesh is
attached between the source and source extensambehn in the IMPED as shown in the
Figure 4.12. The mesh can be grounded or biasesinetly as per requirement of the
experiment. The mesh used is of plane weave tygeas 61 lines per inch and is made of

0.15 mm diameter stainless steel (SS 316) wire.
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Figure 4.12: Schematic of IMPED showing the locatad the isolated mesh and the probe
used to make the measurements in the main chamber.

In the first set of experiments the mesh is eleally connected to the ground and variation
of plasma parameters with different control feaduhave been studied. A variation of
plasma densities in the range of 1.2 x 10! to 3 x 10° cm™3 has been obtained by
varying the argon fill-pressure from7.3 x 10™* to3 x 10~° mbar, keeping the discharge
voltage at — 90 V, the mirror ratio,,R= 49.5 withB,,,,;, = 1090 G, and filament current ~ 2

A. As shown inFigure 4.13, a variation of plasma density40 times is observed in the
above mentioned pressure. A comparison without niredér Figure 4.5 case shows that the
presence of mesh decreases the density in the chamber by a factor of ~ 10. This is
because the grounded mesh acts as a sink for asenplas a result it reduces the plasma

density.

The variation of plasma density in IMPED with matyndield is studied by changing the
source and main chamber magnetic fields keepingpmiatio (R,,) constant at 49.5 at fixed
fill-pressure and discharge voltage fixed at — 90TWe plasma density decreases by ~ 6
times with decreasing the axial magnetic fieldrggth in the main chamber from 1090 G to
109 G and proportionally decreasiBg,, .. t0 keepR,, constant as shown in thégure
4.13b). On comparing the density in the main chambehe presence of mesh to case when
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the mesh was not attached between the source arsbtince chamber extension, a decrease

in density by one order at 1090 G is observed.
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Figure 4.13(a) Variation of plasma density withgs@re wherBmain = 1090 G(b) Variation
of plasma density with values of axial magnetitdfia the main chamber 40* mbar. Both
measurements are made atO cm, z = 32 cm Vpis = - 90VandRy, = 49.5

As observed in the experiments without mesh thepésature variation with pressure and
magnetic field is minimal. The temperature chanigga factor of 2 from- 1.2 eV to0 2.6 eV
when the pressure is decreased ffBix 10~* mbar to 3 X 10™°> mbar at fixedB,,4in, =
1090 G, R,, = 49.5 and V,;; = —90 V. The temperature variation with pressure is shiown
Figure 4.14a. Similar change in temperature by cofaof 2 from1.7 eV to 0.8 eV is
observed when the magnetic field is decreased @natantR,, (= 49.5) from 1090 G to
109 G as shown in Figure 4.14b. The pressure is heldtaohatl0~* mbar and discharge

voltage is fixed at-90 V during the temperature measurement.
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Figure 4.14: (a) Variation of plasma temperaturéhwaressure wheBnain = 1090 G (b)
Variation of plasma temperature with values of bBriagnetic field in the main chamber at
10 mbar. Both measurements are madeatd cm z = 32 cm Vpis = - 90 VandR,, = 49.5,

A comparison of the plasma temperature in the raaamber in the absence and the presence
of mesh show that the temperature in the main cleamsltonsistently less in the presence of
mesh. The reason for the reduction in temperatéirdne electrons may be due to loss of
confinement in the presence of the grounded meslorder to confirm this reason, an
experiment is conducted to improve the confinenoémiectrons using the mesh and observe
its effect on the temperature. This is done byibgathe mesh negatively at22 V to ensure
that it repels the plasma electrons impinging oithitus a negatively biased mesh is expected
to improve the electrostatic confinement of elewstolhe experimental results are shown in
Figure 4.15. The plasma electron temperature isesedrom1.2 el/ (mesh grounded) to

2.1 eV when the mesh is given-&22 V negative bias supporting our argument that deereas
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in confinement is the cause of temperature redadtiothe presence of grounded mesh. It
may also be noted that the plasma temperature wiesh is biased negatively +022 V is
nearly equal to the plasma temperature measurdte atame location without any mesh at

the same operating pressure discharge voltage agdetic field.
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Figure 4.15: Plasma temperature in the presengeooinded mesh, mesh held-&2 Vand
without any mesh at =32 cmr = 0 cm P = 7.3x10* mbar, Vpis= -90 V, Byai=1090 Gand
R=49.5.

4.2.2 After glow plasma

Inverse Mirror Plasma Experimental Device has th&oa for pulsed discharge to study
waves in afterglow plasma. The option of afterglplasma is particularly desirable as it
enables the production of Maxwellian plasma. Witkew tens of microseconds [40] of
switching of the plasma source, the primary elextrare expected to be lost to the vessel
wall leaving only the bulk plasma electrons. Tharelsteristics of afterglow plasma are also

of interest because it yields a measure for thaigkarconfinement time [80], energy
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relaxation time and provides quiescent plasma. IEwghy we have implemented the option

of afterglow plasma production in IMPED.
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Figure 4.16: (a) Schematic of the afterglow circ(li) Density decay in afterglow at= 32
cm r =0 cm Vpis = 90 V, P = 10* mbar, Byain= 1090 GandR,, = 49.5.

The IMPED is operated in pulsed mode also by switgloff the acceleration or discharge
voltage of the multi-filamentary discharge. Thecuit layout for the afterglow plasma
experiment is shown in the Figure 4.16a. A masiggér is used to trigger a four channel
trigger generator with programmable time delay. ©hgut from the programmable trigger
generator is used to switch off the IGBT and alsdrigger the diagnostics. A Langmuir
probe located in the main chamberat 0 cm andz = 32 cm is used for making the plasma
density measurement. The variation of the plasnmsitjewith time is shown in the Figure
4.16b, discharge voltage is maintained at — 90Vgmatc field in the main chamber is

maintained at 1090 ®,, = 49.5 and the operating pressureli® * mbar. The density
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decreases with time with an e-folding time38b usec. This time is more than enough to
carry out the planned phase mixing of nonlineasipia oscillations experiment, as the

phenomenon is expected to occur withiasec.

4.3 Summary

The experimental results of MLPD and its contribatiin designing of upgraded device
IMPED have been described in this chapter, follovsgdplasma characterisation data of
IMPED. A density variation of four order@0° — 1012 ¢cm™3) has been experimentally
achieved in IMPED using different control paramsteotably pressure, axial magnetic field,
mirror ratio, mesh and filament heating currentnetethe initial target of realizing four order
density variations for parametric wave studies basn met experimentally. The plasma
temperature is varied from 0.8 eV to 5 eV using dheve mentioned control features of
IMPED. Thus the required range of temperaiuze- 5 el”) for the phase mixing experiment
is satisfied. Out of all the controlling featuresed for varying the plasma parameters usage
of the flexible transition magnetic field (mirroatro) in the absence of cusp confinement in
the curved surface of the source chamber is uniguMPED. Its effectiveness in varying
both density and temperature has been substantigtieedxperimental data and the cause of
the variations of plasma parameters has also begerimentally established. The
effectiveness of a mesh in altering plasma paramatethe downstream magnetized plasma
has been experimentally explored. Probe measurensbotv that the plasma is radially and
axially uniform. The axial uniformity extends2 m in the main chamber thus satisfying the
uniform plasma requirement. In addition to prodgcargon plasmas, plasmas of other ion

species like helium, neon, krypton, and xenon dair tdifferent combinations can also be
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produced in this device. Thus, it can be conclutet the entire requirement for wave

studies in IMPED except quiescence have been erpatally satisfied.
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Chapter 5  Production of quiescent plasma

This chapter describes the method used for praatucti quiescent plasma in Inverse Mirror
Plasma Experimental Device (IMPED). The effectienef the method over a large
operating range has been substantiated with expetahdata. Considering that wave studies
is the primary motivation for constructing IMPEDbaef study of the intrinsic instabilities in
IMPED plasma have been carried out to ensure lieainherent instabilities in the plasma do

not interfere with the proposed wave studies.

51 Quiescent plasma production in IMPED

The novel feature of IMPED is its capability to duze plasma with very low density
fluctuations. It is quite well known that a plasm#h a high degree of quiescence is a basic
requirement for most research involving basic pkasphmysics. Since the phase mixing
experiments primarily require an excitation of antcolled perturbation for studying the
background ion response [13], low ambient noisagiy fluctuation) is absolutely desired to
maintain a good signal to noise ratio. This is dls@ for any wave experiment involving

excitation of a controlled density perturbation atady of its propagation characteristics.

The quiescence of the plasma is estimated by megdine fluctuations in the ion saturation
current. The ion saturation current and its flushhGacomponent are acquired simultaneously
in a 1 GHz oscilloscope (Tektronix). One millionips are stored at 5 mega samples per
second in both the channels. The quiescencedngn, is estimated from the ratio of the root

mean square (rms) value of the fluctuating compbaed the mean value of ion saturation

140



current. For a given fill-pressure, the densiteflations are controlled by varying the mirror
ratio(R,, = Bmain/Bsource)- The mirror ratio is altered by either by varyiBg,,... or by

varying B,,4in Or by a combination of both.
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Figure 5.1: Variation of quiescence with mirrorieatn the uniform plasma region, (B)ain
held constant a1090 Gwhile BsoyrceiS Varied, fluctuations are measured atO cmandz =
152.5 cm(b) Bmain held constant @872 Gwhile Bsource IS Varied, fluctuations are measured at
r =0 cmandz = 110.4 cmDischarge voltage and operating pressure aretaiagud at- 90

V and10* mbarrespectively.

The variation of quiescence with mirror rafi®,,) is plotted in Figure 5.1a and Figure 5.1b
at fill-pressurel0~* mbar andVp;; = —90V. In Figure 5.1a, the mirror ratio is varied by
varying Bsyyrce from 22 G to 31 G keepinB,,,in constant at 1090 G, whereas in Figure

5.1b, the mirror ratio is varied by changiBg,,,.. from 17.6 G to 30 G keepingB,4in
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constant aB872 G. Plasma with very low density fluctuatiaim/n ~0.2% is observed at

Bonain = 872 G andB,,yrce = 30 G.
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Figure 5.2: Variation of quiescence with mirrorioaatr=0 cm andz=152.5 cm Mirror ratio
is changed by varyinBmain holdingBsource CONstant a2 G Discharge voltage is maintained
at— 90 Vand fill pressure of argon is maintained & mbar

The effectiveness of controlling plasma quiescebge varying B,,,in» holding Bsyyrce
constant is shown in Figure 5.B,,,,c IS kept constant at 22 G a,,;, is varied.
Quiescence values of as low-a8.3% have been achieved at a mirror railg,~15, keeping
Bsource CONstant at 22 G. Thus, it is observed that lowonioperation of IMPED leads to
the maintenance of quiescere/n < 1% over a broad span of magnetic field values in the

main chamber and hence over a wide range of density

Considering that, along with magnetic field, thagpha density varies over a wide range with
change in pressure, the effectiveness of low miratio operation in producing quiescent
plasma for different operating pressures is studigaerimentally. The operating pressure is
varied from8 x 10™* mbar to 3 x 10~> mbar at— 90 V discharge voltage for two values of

Bain- Figure 5.3a shows the variation of quiescencd \prtessure forR,, = 49.5 and
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R,, = 37, when the magnetic field in the main chamber isl ltenstant at090 G . Figure
5.3b shows the variation of quiescence with presgurthree mirror ratio’s 49.5, 37 and 29.3
at a fixedB,,4,» = 872 G. The density fluctuations are found to decreadh wicrease in
pressure as a whole and the level of density faiinos for any given pressure is less at
lower mirror ratios. However, the decrease in dgn8uctuation is not monotonic with
pressure, there is a local increase in densitytifaton at~ 5 x 10~* mbar when the

magnetic field in the main chamber is maintaine87& G .
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Figure 5.3: Variation of quiescence with pressuredifferent mirror ratios; (aBmain is held
constant at 1090 G and measurements are carrie@t 6t cm andz=152.5 cm(b) Bmain IS
held constant aB72 G and measurements are carried outr=1 cm and z=110.4 cm
Discharge voltage for both measurements is maiatbat- 90 V.
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Thus, it is observed that low mirror ratio operatiof IMPED leads to the production of
quiescent plasma witbn/n < 1% for wide range of pressure and magnetic field sbatig
the low density fluctuation criteria over a wideeogting range required for wave studies.
However, to get a glimpse of the intrinsic instaieit in IMPED a radial variation of the

density fluctuation spectrum is studied.

5.2 Intrinsic instabilitiesin IMPED plasma

A magnetized plasma column may support a numbanstable modes which may give rise
to fluctuations in density. A pressure gradienfpeedicular to a magnetic field may give rise
to drift waves. In a cylindrical magnetized plaso@umn where there is a radial density
gradient transverse to the axial magnetic fiel@, pnopagation of the drift wave is mainly
azimuthal with an axial component (finitg). In addition to drift wave (DW) instability,
fluctuations in a magnetized plasma may also odogr to Rayleigh-Taylor instability and

Kelvin-Helmholtz instability.

Rayleigh-Taylor or gravitational instability in hgatlynamics occurs when a heavy fluid is
supported by a light fluid. The equilibrium here uastable and any perturbation at the
interface between both the fluids triggers the absity. The heavier fluid is displaced
downward while the lighter fluid is displaced up@ain plasma device gravity may not be of
major importance. However, in plasma devices withved magnetic fields, the centrifugal
force acting on the plasma due to particle motimmg the curved magnetic lines of forces
acts as an effective “gravitational” force. Inirdrical linear magnetized plasma device,
plasma rotation can be induced by a radial eledteicl, which may act as an effective
gravity. This can trigger the instability when tbentral dense plasma column rotates at least

as fast as the external less dense layer [131]ik&mrift waves, Rayleigh-Taylor (RT)
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fluctuations are purely azimuthal and haye= 0. Fluctuations due to RT instability is

characterized [131] byax |%| ~ 1 andmax
Ble

e&/kBTe

~ > 1. Location of the maximum
fi/n

fluctuations due to RT instability is atax |%Z—: |

Kelvin-Helmholtz (KH) instability [132, 133] in hyddynamics occurs when there is
velocity shear between layers of fluid flowing tela to each other. In a linear cylindrical
plasma column with a uniform axial magnetic fielddanon-uniform radial electric field,

plasma rotates non-uniformly due Hox B rotation and may be subjected to KH instability
[134]. The fluctuation amplitude is maximum insittee velocity shear layer. The above
mentioned instabilities can be identified basedhencriteria derived by Jassby [134], which

is summarized in Table 3.

Table 3: Criteria for the characterization of DWI, Bnd KH instabilities [131]

Parameters Drift waves Rayleigh-Taylor Kelvin-Helmholtz
Radial Location max(wp) ldn Maximum of the
max - velocity shear
ed 1 1 > 1
max kBTe
ed/kyT, <1 >1 > 1
max |————
n/n
Local variation of < 450 40° —90° 90° — 180°
phase for potential
fluctuation
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5.2.1 Radial variation of fluctuation spectra

The density fluctuations at various radial locasiame measured at two mirror ratio’s and its
power spectrum is analysed to observe the fluaodtequency that is being suppressed at

lower mirror ratio operation of IMPED.

P (a.u.)

P (a.u.)

P (a.u.)

P (a.u.)

10

F (kHz) F (kHz)

Figure 5.4 : Density fluctuation spectra at différeadial locations for two different mirror
ratio. Bmain is held constant 872 GatP = 10* mbarandVgs< -90 V. Measurements are
made atl10.4 cm
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Form Figure 5.4 it is observed thata.2 kHz low frequency fluctuation that exist at higher
mirror ratioR,, = 49.5 is no longer visible at lower mirror ratiy,, = 29. Also the power in
the fluctuations is much lower B, = 29 than atR,, = 49.5, which is in agreement with
our én/n measurements at various mirror ratios presenteseation 5.1. A radial density
gradient perpendicular to the magnetic field isls&kabwn for giving rise to instabilities
[135] causing plasma density fluctuations. Explgrithe possibility of density gradient
causing the reduction in density fluctuation at lavror ratios in IMPED, the radial density

profile has been measured in the main chambemmntirror ratios of 49.5 and 29.
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Figure 5.5: Radial density profiles at two mirr@atios. ()R, = 49.5 (b) Ry, = 29. Both
measurements are carried ou at 110.8 cmB.i=872 G, Vpis= -90 VandP=10* mbar

As shown in Figure 5.5, the radial plasma dengibfile becomes more flat on reducing the
mirror ratio fromR,,, = 49.5 toR,,, = 29. ForR,, = 29, the plasma density falls to 80% of
its peak value at ~ 2.1 cm, while f orR,, = 49.5, the density falls t80% of its peak value
r ~ 1.9 cm. Flattening of radial density profile with reduwsti in mirror ratio may be
understood as follows. The electrons and ions nfowa the source chamber to the main
chamber along the magnetic field lines extendingnfthe filament area to the main chamber,

hence determining the plasma column diameter inrthim chamber. At lower mirror ratios,
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the magnetic field lines intersecting the filamarga occupies a greater diameter in the main
chamber; thus, the radial uniformity of the plasmaroves. Therefore, density fluctuations
in IMPED can be effectively controlled by contratlj the radial density profiles through the

mirror ratioR,,,. This feature also enables to control the radrafoumity of the plasma

column in IMPED.
In low mirror ratio operation, a dominant high fusmcy~12.4 kHz is observed away from

the axis. The power spectrum of the fluctuationssneed atz = 110.8 cm away from the

axis of the device for different radial locatiossshown in Figure 5.6
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Figure 5.6: Power spectrum of the density fluctwadi at different radial locations for
R:=29 whenB.i=872 G. The pressure is maintainedl&k* mbar, Vip;s is fixed at- 90 V.
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In order to identify this high frequency fluctuati¢f ~12.4 kHz), the radial variation of the
power in this frequency is plotted and is compavath the radial variation of plasma
potential. The plot of the radial variation of pawn the high frequency fluctuation is shown

in Figure 5.7a and radial variation of plasma pb&tins shown in Figure 5.7b.
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Figure 5.7: (a) Radial variation of power in thermdoant high frequency fluctuation (b)
Radial variation of plasma potential. Both the nueesients have been madezat 110.8
cm Mirror ratio, operating pressure, magnetic fiehdthe main chamber and discharge
voltage is held constant 29, 10* mbar 1090 Gand- 90 Vrespectively.

From Figure 5.7a it is observed that the maximurwgroin the dominant high frequency
fluctuation is at- ~4 cm. From the radial variation of plasma potentiashewn Figure 5.7

b, it is observed that there is a strong shedneretectric field at ~ 4 — 4.5 cm. Thus, it can

be conjectured that the dominant high frequencgtdlation observed away from the centre
may be due to Kelvin-Helmholtz instability. The alé&l wavenumber [136] of this dominant
high frequency fluctuatiofi ~12.4 kHz is measured using three axially arranged probes at
r=4cm . k; is found to be 0.0025m~', thus confirming thaf ~ 12.4 kHz is an
azimuthal mode. To gain further insight into thature of this fluctuation, the ratio of

(ed/T.)/(A/n) is calculated at three radial locations. At 3.5,4 and 4.5 cm the ratio
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(ed/T.)/(A/n) is4, 5.1 and8.2, respectively. Thus, it is observed thap/T,)/(R/n) >
1 for the high frequency fluctuation which also icaties that the fluctuations may be due to
Kelvin-Helmholtz instability. Hence, from the aboresults it may be concluded that the high

frequency fluctuation is due to KH instability.

The power spectrum of the density fluctuations avrayn the axis shows a number of
interesting phenomena as shown in Figure 5.6. Tgte fnequency Kelvin-Helmholtz mode
f~12.4 kHz seems to be coupling with low frequency modesnmftiequencies in the few
~ kHz range and producing side bands. The asymmetridgedide bands are varying with
radial location. At- ~ 3.5 cm (refer Figure 5.6a), the side bands are nearlynssimcal, but

as one moves away from the centre saw.fim (refer Figure 5.6c) the asymmetry
increases. The frequency range of the low frequenagles are in the drift wave range for
typical laboratory magnetized plasma. The obsesidd bands may be due to a nonlinear
interaction between low frequency drift and thehhfgequency KH instability. To confirm

this, auto bispectral analysis of the density flation data is carried out.

5.2.2 Bispectral analysis

Bispectral analysis [137] is used for investigatimgnlinear coupling among waves that
satisfy the selection rules for frequengy = f, + f;) and the wave numbék; = k, +

k,). This method is used particularly for analysingctuation spectrum associated with self-
excited waves phenomena. As in such cases, sponlgeindependent waves may get
excited which may satisfy the selection rules g aot coupled nonlinearly. Nonlinear
coupling results in new spectral components thatpdrase coherent, which is not true for

independently excited waves. The detection of melily coupled waves may be carried out
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with higher order spectrum, which measures the ede@f phase coherence between the

waves.

The bispectrun® of density fluctuation is defined as

B(f3) = A(fIA(f)A(f3)) (5.1)

Wheref; = f; + f,, A(f) is the Fourier transformed expression of dendugtoiationfi(t).
Though the strength of three wave coupling maydmpeasented by bispectrum, it is usually
very difficult to use for describing the couplintate of the fluctuations. Therefore, we use
bicoherence instead of bispectrum, which indicaties correlation of the frequency
components betweei( f;)A(f,) andsi(f;). The bicoherence of density fluctuation is given

by

) B[ 5.2
2 —
e A BIAIE

The value of bicoherence is a measure of the dtrepigthe interaction between frequency
components, for example?(f;) = 0.99 implies that the power iff; is entirely due to

interaction betweejy, andf,.

The bicoherence of density fluctuation time seaeguired at = 4.5 cm andz = 118.8 cm
at10~* mbar is shown in Figure 5.8. The magnetic field in thain chamber is maintained
at872 G andR,, is fixed at 29. It shows that 12.4 kHz fluctuation is coupling nonlinearly
with ~ 2.625 kHz producing side bandg; = f; + f,. It also shows that 12.4 kHz has a

strong interaction with itself, resulting in harmasmgeneration.
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Figure 5.8: Bicoherence spectrum of density flubtunameasured at = 4.5 cmandz =
110.8 cm Other parameters aBa,.i=872 G, R=29, P = 10* mbar and = -90 V.

Thus, from Figure 5.8 it may be concluded that INDPErovides a test bed for studying KH
and DW instabilities. The experimental study ofsehénstabilities is desirable to get a better
understanding of transport in magnetically confideglices. However, it should be noted that
the nonlinear interactions present in IMPED plasraconfined in a region away from the
axis. The plasma near the axis is free from noalineteractions as can be seen from the

bicoherence spectrum of the density fluctuations=atd cm andr = 0.5 cm.
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Figure 5.9: Bicoherence spectrum of density fluotinameasured at = 0 cmandz = 110.8
cm Other parameters aBa.i=872 G, R=29, P =10* mbarandVpis= -90 V.
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Figure 5.10: Bicoherence spectrum of density flattin measured at= 0.5 cmandz =
110.8 cm Other parameters aBa..i=872 G, R,=29, P =10* mbarandVpis= -90 V.

5.3 Summary

A method for production of quiescent magnetizedspla has been proposed using the
flexible transition magnetic field between the phassource and the main chamber, that
allows independent variation of magnetic field ve sourceK;,,,-..) and the main chamber
(Bmain)- Plasma with low density fluctuation is produdeyl operating the system in low
mirror ratio (R,,) configuration. The effectiveness of this methedsubstantiated with
experimental data. The plasma quiescence can betaimad aroundn/n < 1% over a

wide operating range spanning fréx 1075 to 10~3 mbar pressure anti09 G to 1090 G
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magnetic field in the main chamber, by operating thystem in low mirror ratio
configuration. The effect of low mirror operation the nature of fluctuations in IMPED is

explored experimentally. Operation in low mirrotioaconfiguration gives rise to a sheared

electric field at the edge of the plasma, whichtim induces a sheardiix B rotation.
Kelvin-Helmholtz instability is observed due to tkheared rotation at the plasma edge.
Bicoherence spectrum of density fluctuation reveéalenlinear coupling of KH with low
frequency modes (may be DW) producing side bantten§ interaction of the dominant
spectral component of KH with itself is observede$e results may be interesting to the
wider physics community because KH instability doevelocity shear layer is common in
hydrodynamic systems. However, it must be noted tioalinear interactions due to self-
excited modes are limited to the region away frdra tentre of the plasma and density

fluctuations near the axis are very I1€8ga/n < 1%).
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Chapter 6  Experiments on plasma oscillations

The present chapter describes the experimenta) sfyslasma oscillations in the presence of
a background plasma density perturbation. This telnap divided into five sections; section
6.1 describes the excitation of plasma oscillatiosgg two stream instability, section 6.2
gives an account of the experiments on interaatigplasma oscillations with a ion acoustic
wave and an intuitive explanation of the observé@nmmenon is given in section 6.3,

followed by a brief summary in section 6.4.

6.1 Excitation of plasma oscillations

Plasma oscillation [1] is one of the fundamentalde® of plasma. It can be excited by
resonant coupling between a weak beam and the ental eigen mode of the plasma. If
the beam density and energy exceeds the threshhlé,vhe beam plasma interaction will
give rise to excitation of plasma oscillation. Tle@n be easily seen by considering a one
dimensional two stream instability in cold plastgaT, = kzT; = 0) of densityn, where an
electron beam of density,, streams with velocity,, . In the laboratory frame, the
dispersion relation is given by

2 2
Wpe Nwpe

— = 6.1
w? (0= kvep)? =0 e

1-—

wherek is taken to be real, and(k) is the complex frequencw( + iy) which describes the
complex behaviour of thet" fourier mode andg is the ratio of the beam density,;) and
the plasma densityn,,. Equation (6.1) gives complex unstable solutionsem|k| <

(wpv05) (1 +n+3)** [138]
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The frequency, wave number and growth rate of thestnunstable linear waves are,

respectively, [138],

1 2
1/1 \3 3/1 \3 (6.2)
oman = e 1=3(3n) +3(37) +
3/1 3
el (LY
kmax—%b 1+2 277 +
1 1 3 1 1 3
3 3
e = pe 533 (371) =33 (37) +

Thus, it is observed that in the presence of a vieeshn § « 1), the frequency of the most
unstable mode is the plasma freque@wy,.) and the wavelength is given byv,,/f,. =
2mv,p/wye - However, a laboratory plasma has a finite tentpegaand collisionality,
therefore, the collisionless cold plasma conditians not strictly satisfied. Hence, for this
purpose the dispersion relation of two stream bikta due to a weak electron beam is
deduced by taking into account the finite tempeeaand collisionality. Using the dispersion

relation, the growth rate and frequency of the nnostable mode is theoretically calculated.

The governing equations for determining the beamsmph dispersion relation are the
equation of motion of electrons fluids, continugiguation and Gauss’ law. Let us consider a
weak electron beam of initial denstty;,, and velocityv,, be introduced in the plasma with

equilibrium densityn, and temperaturg..

The equation of motion and continuity equationh® plasma electron fluid may be written

as
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0v,
Men, [_te + (v,. V)v_e’l (6.3)
= ykgT,Vn, — en E — mevpennev_e) - mevpeinev_e)

an,
ot

+V.(n,v,) =0 (6.4)

wherev,., andv,,; are the electron-neutral collision frequency drelelectron-ion collision
frequency of plasma electrons, respectively. Oslyatbols have their usual meaning. Solving
(6.3) by the process of linearization, whage=n, +n,, 7, = v, + v; andE = E, + E, .
Subscript zero represents the equilibrium quastiied the subscript one represents the first

order perturbation. At equilibriuny = E_o) = Vn, = dn,/dt = 0. Therefore equation (6.3)

and (6.4) takes the form

ov, — N
men, % = —eny,E; — ykgT,Vny — men,v; (Vpen + Vpei) (6.5)

9
% +V.(n,77) = 0 (6.6)

Letv, = Vpen + Vpe; in (6.5). Then (6.5) becomes

oV, —
MeN, a_tl = —en,E; — ykpT,Vn; — mgv,n,vy (6.7)

Looking for electrostatic waves of the foﬁfn = E,elx-o0% ‘wherez is in the direction of

wave vector. We are considering a one dimensiormddl@m.

ieE; kykgT,

_me(w + v, ) meno(w + ivp)n1

vy = (6.8)

158



wny

vl = kno (6. 9)

Combining (6.8) and (6.9), one gets

—iken,E;

= (6.10)
wm,(w + ivp) — k2ykgT,

ny

The equation of motion and continuity equation fé ttold electron beam fluid may be

written as

o o _ . N

menb I% + (vb- V)vbl = —enbE - mevbennbvb — mevbeinbvb (611)
on

— 7+ V(0 7) = 0 (6.12)

wherev,,,, andv,,; are the electron-neutral collision frequency aralelectron-ion collision
frequency of beam electrons, respectively. Otharl®ls have their usual meaning. Solving
(6.11) and (6.12) by the process of linearizatisheren, = n,;, + nyp, v, = v,p + V1, and

-

E =ET,+ET. Subscript zero represents the equilibrium guastiand the subscript one

represents the first order perturbation. At eqt:iilitm,?o = Vn,p = 0n,, /0t = 0. Therefore,

equation (6.11) and (6.12) takes the form

Wy - -
MeTob |“5,~ + (Wop. V)V1py | = —enopEy — MeTopVip (Vhen + Vher) (6.13)
on
a;b + Ty Vg + MgV U1 = 0 (6.14)

Let v, = Vpen + Vpei » then equation (6.13) becomes,
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v
1b — —_— =4 — 6.15
MeNyp ot + menob(vob-v)vlb - _enobEl — MeNppVp1Vp ( )

Looking for electrostatic waves of the foﬁg = E,elx-o0% ‘wherez is in the direction of

wave vector, (6.14) and (6.15) becomes,

ieE;

= — 6.16
Vib Me(w — kv, + ivy) ( )
(w —kv,p)
vy = Tobon“’ (6.17)
Combining (6.16) and (6.17), one gets
iekn,,E
Ny = ob”1 (6.18)

_me(w — kv, + ivy)(w — kv,p)

Writing the Gauss’ law and considering electrostataves of the fornﬁ = E,eilkx-ot)g
wherex is in the direction of wave vector and using (6.46d (6.18), one gets the dispersion
relation as

Wpe NWpe 0 (6.19)

1- _ _ _
a)(a) + ivp) — %kzvfhe (w — kv + ivp)(w — kv,p)

For one dimensional adiabatic procgss 3

Wpe NWpe 0 (6.20)

1— — —
(w— kv, + ivy)(w — kv,p)

w(w+iv,) — %kzvfhe

In a collisionless plasma with a finite temperatilme dispersion relation becomes
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1— We NWpe 0 (6.21)

_ - ~ =
w — %kzvtzhe (w kvob)

wherev?,, = 2kgT,/m, is the electron thermal speed.

In order to visualize the effect of temperaturetiom growth rate of the instability, equation
(6.21) is numerically solved for re&lfor different ratio's of thermal energy of plasma

electrons and beam energy.
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Figure 6.1: Variation of growth rate of the unseablodes for different beam energies.

Figure 6.1 shows the growth rate of the unstabledeaan plasma with a finite temperature
andn = 2 x 1073 for different values ofE,., whereE, (= %mevfhe/%mevgb) is the ratio of

the thermal energy to the beam energy. It is olesktliat on increasing the ratio of thermal

energy to the beam energy, the wave number of th& omstable mode increases and the
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frequency of the unstable mode also shows a diggiatency of increasing with increasetin

as shown in Figure 6.2. So with these perspectinesiind, the experiments on plasma

oscillations have been carried out.
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Figure 6.2: Variation of the frequency of the ubtamode with wave number for different
values ofE;, when the ratio of the beam density to plasmaiteiss2x107,

Electron beam for excitation of beam driven plaspsaillations is injected in the plasma
from an electron emissive filament. A long straigfiament of 3 cm length and
0.125 mm diameter is used for wave studies. Electron emms$fiom the heated filament
takes place when the heating current is varied ftoAi3 A. The electron beam energy
[Ez = e(V; — V)] is controlled by varying the filament biasing \ageV;, which is negative
with respect to the plasma potenflfal The beam temperature is reduced by a factor of
~kpTr;/Ep from the filament temperaturg;~0.2 eV when electrons emitted from the
filament are accelerated to enetfyy[139]. Therefore, the cold beam approximation kold
well compared witlf, and beam energies115 el/. The beam is injected in the system
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along the axial magnetic field. The beam divergee@xpected to be very small around few
Larmor radii within few centimetres from the filante Under typical operating conditions,
the energy of the bea(,.,,,) is~ 115 eV, beam current is 10 mA, plasma temperature is
~ 2 el. The beam density is estimated from the beam wuisefound to bei,~3.07 X
107 em™3, which is much less than the plasma densjty1.6 x 10° cm™3. Thus, the
weak beam approximation holds and hence, a singék fis expected in the frequency
spectra. The frequency spectrum of the excitedlason is shown in the Figure 6.3 which

shows a sharp peak centered at plasma frequency.
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Figure 6.3: Frequency spectrum of the beam drivasnpa oscillation.

Plasma oscillations driven by the electron beamesgetrostatic waves of high frequencies
(~fpe = 1 GHz) and short wavelength~ 2rv,;, /w,, typically 6.4 mm) and are received by
a high frequency probe. The probe had a strdighin long tip connected to a semi-rigid
cable. The high frequency probe is directly cone@d¢b a spectrum analyser for identifying

the frequency of the wave potential.
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6.2 I nteraction of plasma oscillations with aion acoustic wave

in the background

, . Heated
on acoustic filament Receiver

wave exciter\ \ /
NN e

||

-3cm 0cm 3cm

Figure 6.4: Schematic of the experimental set upsfodying the plasma oscillation in the
presence of an ion acoustic wave in the background.

The experimental study of the interaction of plasmaillation with an ion acoustic wave in
the background is conducted in the main chambdM&ED [42]. The schematic of the
experimental set up is shown in the Figure 6.4ohsist of a gridded exciter made from
stainless steel mesh (SS 316) for exciting ion siiowave, followed by a 3 cm long biased
heated tungsten filament for exciting the plasmeillations and a high frequency receiver
which can also be used to sense signal in the ¢onstic frequency range. For detecting
signal in the ion acoustic frequency range the lfighuency probe is biased-a85 V' in the
ion saturation region and the disturbance in thmesaturation current corresponding to the
wave excitation signal is measured usintG&/z oscilloscope. The heated filament used for
excitation of the plasma oscillation can be mowadially and the gridded ion acoustic wave
exciter and the receiver probe is movable be axi&dbr the experimental data presented
below the grid is placed behind the biased healmahént at a distance of 3 cm. The receiver
is placed in front of heated filament at a distaoc@ cm from the filament.
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The experiments are conductedl@t* mbar, in argon plasma. The magnetic field in the
main chamber is held constant2d8 ¢ while the magnetic field near the plasma source is
fixed at29 G. The discharge voltage is held constant@® V. The experiment is conducted
in five steps. Initially ion acoustic waves are igx@d by applying a single burst to a gridded
exciter at 100 kHz in the absence of the electreanh The receiver is retracted and the
propagating wave is sampled at different z locatiofhe ion acoustic waves observed are

similar to waves shown in Figure 3.25.

After confirming that ion acoustic waves are pmgiang on application of oscillating
voltage on the ion acoustic wave exciter grid. pbever to the ion acoustic wave exciter grid
is switched off and the receiver probe is brougigkito z = 3 cm. Now without any power to
the ion acoustic wave exciter grid and without algctron beam in the system the output of
the high frequency receiver probe connected to ectspm analyser is recorded. The

spectrum analyser output is shown in Figure 6.5.
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Figure 6.5: Frequency spectrum in the absenceeafren beam in the plasma
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This is followed by excitation of plasma oscillai® by introducing an electron beam of
density3 x 107 ¢cm™3 and energy~ 115 eV along axis of the magnetic field using the
heated tungsten filaments. The plasma oscillatexsted by the beam is detected using
same high frequency probe connected to the speanatyser. The output of the spectrum
analyser is shown in Figure 6.7a. The output ofsfhectrum analyser shows a sharp peak at
1.079 GHz. The plasma density determined from the frequeeak is~ 1.6 x 101° cm™3 .

The plasma density is also measured using a Lamgonaibe in the absence of the electron
beam and as per Langmuir probe measurements th@pldensity is- 2 x 101° ¢cm™3. The
wavelength corresponding to the observed frequepegk determined from dispersion

relation is6.4 mm.

Following the excitation of plasma oscillationshi@coustic waves are excited in the
presence of the beam by applying an oscillatingaga at~ 100 kHz to the grid. The

existence of the propagating ion density pertudmain presence of the electron beam is
confirmed by applying a single burst to the gridéediter and detecting the corresponding
ion acoustic wave using the time of flight techr@q&igure 6.6 shows the propagation of ion
acoustic wave on application 28V}, pulsed voltage on the gridded ion acoustic wave
exciter in the presence of an electron beam. Theelgagth of the wave 54 mm and the

induced ion density perturbatighn,,/n) is 0.026.
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Figure 6.6: Propagating ion density perturbatiomeggived by the receiver on application of
a single28 \j, pulse voltage on the ion acoustic wave exciter

This is followed by the experimental study of plaswscillations in the presence of ion
acoustic waves in the background. lon acoustic ware excited by continuously applying
oscillating voltage to the grid at 100 kHz. lon astic waves of subsequently increasing
amplitude are excited in the presence of plasmdlaigan and its effect on the coherent
power in the plasma oscillation is experimentallydged. The frequency spectrum of the high

frequency probe for different exciter voltage apglto the grid is shown Figure 6.7 (a - f).
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Figure 6.7: Variation of power in the coherent taton with increase in the applied voltage
to the grid exciting ion acoustic wave.

The power in the coherent plasma oscillation demgan increasing the background ion
density perturbation as shown in Figure 6.7. With@ny background ion density
perturbation, the power in coherent plasma osiliails —66.6 dBm. As the background ion
density perturbation is increased, the power incthigerent plasma oscillation decreases. For
example, in the presence of background ion acowsdéice (ion density perturbation) of
amplitudedn,,/n ~ 0.01 excited by applyindl1.8 V,, exciter voltage, the power in the
coherent oscillation decreases +/2.37 dBm . On increasing the amplitude of the
background ion acoustic wave further ®n,,/n~0.026 by applying an exciter
voltage28 V,,,, the power in the coherent oscillation decreasee- 75.80 dBm. For a
background ion acoustic wade,,,/n ~ 0.03 (Exciter voltage #81,,), the power in the
coherent oscillation decreases furthe—®%4.375 dBm. On increasing the exciter voltage
further to58 1, to excite a higher amplitude ion acoustic wavehaked oscillation is no

longer visible.

It is also experimentally observed that on incnegghe amplitude of exciter voltage on the

grid, the plasma frequency tends to decrease Blightis may be due to the fact that the
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exciting grid draws more current from the plasmaigher amplitudes, thus decreasing the

downstream plasma density slightly.

6.3 I ntuitive explanation of the observed phenomena

In an inhomogeneous plasma the local plasma frexyuemries spatially due to the
dependence of local plasma frequency on densitiiad location. Because of the spatial
dependence of the plasma frequency, the phaseeatiffe between the oscillators constituting
the oscillation change with time, which eventuddélgds to fine scale mixing of various parts
of the oscillation [11]. The time in which two okaiors separated by twice the amplitude of
oscillation goes out of phase bg0° is defined as the phase mixing time. The phaséngnix

time of small amplitude plasma oscillation in a Wlganhomogeneous plasma [11] is given

T

by tix = m This formula deduced by J.M. Dawson gives agregting insight into
dx

the phenomenon of phase mixing. It shows that dte of phase mixing is dependent on the
displacemenk of the oscillator from the equilibrium positionhwh implies that greater the
distance traversed by an oscillator in a singléopemore is the dephasing. This statement is
true not only for small amplitude of oscillationutbalso in case of large amplitude of
oscillation. However, in case of large amplitudeikegtion, the phase mixing may not have

the simple inverse dependence as predicted bylJaMison.

Experimentally, plasma oscillations are excitedusyng a weak electron beam. The beam
excites the oscillations in the plasma as it prapeg) Beam driven oscillations have a finite
growth rate, thus, the amplitude of oscillationwsowith time. As the amplitude grows, the
oscillators constituting the oscillation traversgraater distance from the mean position. In
an inhomogeneous plasma the dephasing of the aiscdl constituting the oscillation takes

place and this dephasing is greater for higher gnags. Thus there is a driver, which is the
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weak electron beam and there is a damping mechatugnto phase mixing, which depends
on the amplitude and the background density peatiob. For a given ion density
perturbation, the beam driven growth rate of thell@asion can be more dominant at lower
amplitudes while the phase mixing effect is domtrerhigher amplitudes of oscillation. This
leads to saturation of the oscillation at lower &tage in presence of background ion density
perturbation (inhomogeneous plasma) than what ulavbave been in the uniform plasma.
Hence on increasing the ion density perturbatitwe, saturation amplitude of oscillation
should decrease further. This is what we have sbdeexperimentally, when a smaller ion
density perturbation is excited (refer Figure 6.#® oscillation is equilibrating at a higher
amplitude which is of course less than the ampditodl oscillation observed in a uniform
plasma as shown in Figure 6.7a. On increasing dhedensity perturbation further (refer
Figure 6.7c, d and e) the oscillation is equilibrgtat a much lower amplitude and beyond a

certain limit, the peaked coherent oscillationasenger observed.

6.4 Summary

Phase mixing of plasma oscillation is experimeptdbémonstrated in a unique experimental
configuration for the first time, which allows otwinvestigate phase mixing as a steady state
phenomenon instead of a transient phenomenon dastity few nanoseconds to tens of
nanoseconds. Oscillations in the plasma are exai®dg a weak electron beafn =
n,/n < 1). The frequency of the most unstable mode in thakvieam approximation limit

(mn K1) is ~ f,.(= 1GHz) and the wavelength is6.4 mm. The non-uniformity in the
density is externally induced in a controlled maniog exciting ion acoustic waves using a
single grid exciter. The wavelength of the exciied acoustic wave is14 mm. The

frequency of the ion acoustic wave is much lesstilze frequency of the plasma
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oscillationQ < f,,.). The variation of power in the coherent oscillatio presence of ion

wave in the background of different amplitudesxperimentally studied. The power in the
coherent oscillation is found to decrease withramdase in the amplitude of the background
ion acoustic wave and beyond a certain limit, tbhecent oscillation ceases to exist. The
experimental results verify that phase mixing odigpha oscillation is dependent on both

amplitude of oscillation and also on the non-umifay of the background plasma density.
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Chapter 7  Conclusion and Future Scope

This chapter is divided into two sections. Thetfssction gives an account of summary of
the work described in this thesis followed by tleausions drawn from it. In the second

section, a brief discussion on the further expenitsi¢hat can be carried out is presented.
7.1 Summary

The physics of phase mixing of plasma oscillatifiti§f and breaking of nonlinear plasma
oscillations [11] is a topic of considerable intrboth from the fundamental point of view as
well as from the application point of view. Fundamadly, it is the simplest collective
irreversible phenomena observed in plasma yet aberumf aspects of this phenomena are
yet to be experimentally explored. The longitudiedtctric field associated with plasma
oscillations can be used to accelerate particlés48d it finds applications in plasma based
accelerators and certain laser fusion schemehidrittesis, an experimental system, designed
for the detailed experimental investigation of ghasixing of plasma oscillation, has been

described.

The design process involved a theoretical studyphaise mixing and breaking of plasma
oscillation, followed by identification of unres@s issues that are to be addressed. This was
followed by a detailed calculation for identifyitige plasma parametric space necessary for a
comprehensive experimental investigation of phasgingn and wavebreaking of the

longitudinal wave. Accordingly, a set of requirerteenvere determined that a laboratory
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experimental device must satisfy for the proposesterexperiments. The requirements can

be summarized as follows:

I. Quiescence‘i—n~1% or less

j. Density range5 x 108 — 1011 cm™3 (for experimental purpose a three order density
variation within the mentioned range may suffice)

k. Temperature: ~ few eV

|. Operating pressuré:x 10~° — 1073 mbar

m. Magnetic field:50G to 1.2kG

n. Extent of the flat top magnetic field:2 m

0. Axial uniformity of the plasmal,,;form > 1.2 m

p. Plasma source to be compatible with different ijpacges

On the basis of the above requirement, an expetahetevice has been designed and
constructed in two stages. The device consistsnofiléi-filamentary plasma source placed in
the low magnetic field region connected to a mdiansber having uniform magnetic field

through a transition magnetic field region. Theadyprofile of the magnetic field can be

tailored to obtain many different configurations tgeding current to the electromagnets
independently. These independent variations of metagfields in the source, extension, and
main chamber enable the machine operation witlemrifft mirror ratio (R = Bmai/Bsourcd

configurations thus, increasing the parametric eamigoperation.

A number of diagnostics have been developed foracherizing the plasma and carrying out
wave experiments. A low noise Langmuir probe systexs been developed for measuring
time resolved density and temperature. A code kas lvritten in MATLAB® for efficiently

processing the single Langmuir probe |-V trace avevide operating range for determining
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the plasma parameters. A set of rack probes fosungr density and potential fluctuations
in the plasma has been developed along with camteSigher order spectral analysis of the
fluctuation data for detailed experimental studyimiinsic instabilities in a magnetized
plasma. Excitation and detection system for ionuatto wave and plasma oscillation have

been developed and operated.

A density variation of four orderfd0® — 102 cm~3) has been experimentally achieved in
IMPED using different control parameters, notabhegsure, axial magnetic field, mirror
ratio, mesh and filament heating current. Hence, ittitial target of realizing four order
density variations for parametric wave studies hasn met experimentally. The plasma
temperaturdT,) was varied from 0.8 eV to 5 eV using the abovetinaad control features
of IMPED. Thus, the required range of temperat(Re— 5 eV) for the phase mixing
experiment has been satisfied. Out of all the atlimig features used for varying the plasma
parameters usage of the flexible transition magrfetid (mirror ratio) in the absence of cusp
confinement in the curved surface of the sourcemitea is unique to IMPED. Its
effectiveness in varying both the density and tawapee has been substantiated with
experimental data and the cause of variations aisrph parameters has also been
experimentally established. The effectiveness ofeah in altering plasma parameters in the
downstream magnetized plasma has been experimematiiored. Probe measurements
show that the plasma is radially and axially uniioilhe axial uniformity extends th2 m in

the main chamber thus, satisfying the uniform pkaseguirement. In addition to producing
argon plasma, plasma of other ion species likauhelineon, krypton, and xenon and their
different combinations can also be produced in tlagice. Furthermore, this machine has
been designed for accommodating many plasma soarakshe present plasma source can

easily be replaced by other sources such as dunatesn [53], microwave source [61], and
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oxide coated cathode [76]. Apart from steady stggeration, the IMPED can also sustain

afterglow plasmas for sufficiently long time comgaito that required for wave studies.

A method for production of quiescent magnetizedspla has been proposed using the
flexible transition magnetic field between the phassource and the main chamber that
allows independent variation of magnetic field ve sourceK;,,,-..) and the main chamber
(Bmain)- Plasma with low density fluctuation has beendpied by operating the system in
low mirror ratio R,,) configuration. The effectiveness of this methaed been substantiated
with experimental data. The plasma quiescence kas Imaintained arounth/n < 1%
over a wide operating range spanning frdm 1075 to 10~2 mbar pressure andl09 G to
1090 G magnetic field in the main chamber, by operating system in low mirror ratio
configuration. Density fluctuation as low a®.2% has been obtained in low mirror ratio
operation R, ~ 29 when the magnetic field in the main chambdreisl constant 8872 G at

1 X 10~* mbar operating pressure. The effect of low mirror ofieraon the nature of
fluctuations in IMPED has been experimentally exgib Operation in low mirror ratio

configuration was found to give rise to a shearkedtec field at the edge of the plasma,

which in turn induced a shear&dx B rotation. Kelvin-Helmholtz [131, 134] instabilityas
been observed due to the sheared rotation at #isenpl edge. Bicoherence spectrum [122] of
density fluctuation revealed nonlinear couplingkdd with low frequency modes (may be
DW) producing side bands. Strong interaction of deeninant spectral component of KH
with itself was observed, resulting in harmonic gration. These results may be interesting
to the wider physics community as the occurrencKléfinstability due to velocity sheared
layer is common in hydrodynamic systems. The dynaroif drift waves is similar to the
dynamics of Rossby waves if Lorentz force is coragdo Coriolis force [140]. However, it

must be noted that nonlinear interactions due lfeegeited modes were limited to the region
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away from the centre of plasma and density fluabnat near the axis were very l€gst/

n < 1%).

Phase mixing of plasma oscillation was experimgntalemonstrated in a unique
experimental configuration for the first time, whiallows one to investigate phase mixing as
a steady state phenomenon instead of a transiemoptenon lasting only few nanoseconds
to tens of nanoseconds. Plasma oscillations ipldma were excited using a weak electron
beam(n = n,/n « 1). The non-uniformity in the background density wasternally
induced by exciting plasma ion acoustic wave. Teguency of the beam excited wave was
much greater than the frequency of the ion acowsdiee in the background,. > ). The
experiments were carried out in the regime wheee wlavelength of the high frequency
electrostatic wave driven by the weak electron baacdhthe low frequency ion wave were of
the same order. The power in the coherent osatlatias found to decrease on increasing the
amplitude of the background ion acoustic wave aagobd a certain limit the coherent
oscillation ceases to exist signifying phase mixaigplasma oscillations. Our experimental
results showed that phase mixing of plasma osoillatdepends on both the amplitude of

oscillation and the non-uniformity of the backgrdyslasma density.

Thus, it can be concluded that a plasma device been successfully designed and
constructed on the basis of a set of requiremdntatdd by the physics of nonlinear plasma
oscillations. The device has met all its desigtedda. Phase mixing of plasma oscillations
has been experimentally demonstrated in a unigperarental configuration for the first

time that clearly brings out the dependence of @maiing on both the amplitude and the

background density non-uniformity in a very corigdimanner.
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1.2 Future scope

A versatile experimental device has been built tfee experimental study of waves and
instabilities in plasma. The device uses a uniderilfle transition magnetic field for the
production of quiescent plasma by operating théesysn low mirror ratio configuration. But
KH instability was observed in low mirror ratio apdons in region away from the axis of
the main chamber. The KH instability was found ¢éodaused by a sheared electric field. The
cause of occurrence of this sheared electric fielthe low mirror ratio operating regime

should be experimentally explored.

We have observed coupling between KH instabilitg arow frequency mode at low mirror
ratio operation. The range of frequencies of the flkquency mode suggests that it may be
drift waves. Detailed experiments can be carrietdtoudentify the low frequency mode and
also the exact condition when KH and low frequenayde couples can be experimentally
studied. The diagnostics necessary for the studh@fabove mentioned instabilities have
been developed completely, hence one is only requs make measurements and interpret

the result.

Experiments on interaction of plasma oscillatioithwan ion acoustic wave in the
background have been successfully carried out. pidveer in the coherent oscillation was
found to decrease with increases in amplitude ef lhckground ion acoustic wave and
beyond a certain amplitude of the background iooustic wave the coherent oscillations
ceases to exists. The fundamental question tha¢samow is, where is energy of plasma
oscillation going? Theoretically one expects thergy to be dumped in the plasma but
experimentally that needs to be verified. The expental configuration used for conducting
the phase mixing experiment as described in tlasishenables one to study phase mixing as

a steady state phenomenon instead of a transienflois is particularly advantageous as one
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is required to measure the equilibrium plasma teatpee both when phase mixing is

happening and in its absence to get an indicasdn a/here is the energy getting transferred.

Phase mixing of plasma oscillations have been #teatly explained with the help of mode
coupling [12]. The power from the lower ‘K’ is sugged to go to higher ‘k’ and ultimately
the energy is supposed to go to the plasma by aasavave particle interaction. This can be
experimentally verified in the current device. Roleion inertia [13] on phase mixing of

plasma oscillation in uniform plasma is yet to Bplered experimentally.

A parametric experimental study of the wave bregkamplitude verifying Coffey’s limit
[36] needs to be carried out. In addition, a numiifeunresolved issues are mentioned in

Chapter 1 of this thesis that can be addressddsmeévice.

During the course of diagnostic development, twghhrequency Langmuir probe systems
were developed. One is based on the usage ofdrieable for capacitance neutralization, as
described in chapter 3 of this thesis and anotysesm was based on the dual cable method
[141]. The circuit of the dual cable method Langnayistem that has been developed is given
in Figure 7.1. A comparative study of both the tegbhes can be done to find which
technique is better suited under a wide varietyexgerimental conditions. This particular
experiment will enable other researches in thel faflexperimental plasma physics to make
an informed decision while designing a Langmuir ggrosystem for measuring plasma

parameters with a high temporal resolution.
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